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Abstract
The discovery of superconductivity in ceramic materials by Bednorz and Müller
[2, 3] in early 1987, immediately followed by Wu et al. [4, 5] who showed that
YBa2Cu3O7−x (YBCO) becomes superconducting (92 K) well above the boiling
point of nitrogen (77 K) created a great excitement in superconductivity research.
Potential applications of high Tc-superconductors require large critical currents and
high-applied magnetic fields. Effective ways to increase the critical current density
at high magnetic fields in YBCO are the introduction of nanoparticles and chemical
substitution of yttrium by other rare earth elements. Since low costs and envi-
ronmental compatibility are essential conditions for the preparation of long length
YBCO films, the cost effective chemical solution deposition (CSD) procedure was
selected, given that no vacuum technology is required. To reveal the flexibility and
the good optimization possibilities of the CSD approach two main processes were
chosen for comparison: a fluorine-free method, namely the polymer-metal precursor
technique, and a fluorine-based method, the metalorganic deposition (MOD) using
the trifluoroacetates (TFA) technique. Sharp transition temperature widths ∆Tc of
1.1 K for the polymer metal method, 0.8 K for TFA method and critical current den-
sities Jc of ≈3.5 MA/cm2 shows that high quality YBCO thin films can be produced
using both techniques. Especially interesting is the magnetic field dependence of
the critical current density Jc(B) of the Y(Dy)BCO (80 %) films showing that for
the lower magnetic fields the critical current density Jc(B) is higher for a standard
YBCO film, but at fields higher than 4.5 T the critical current density Jc(B) of
Y(Dy)BCO is larger than that for the YBCO. Above 8 T, Jc(B) of the Y(Dy)BCO
film is more than one order of magnitude higher than in pure YBCO film.
Kurzfassung
Die Entdeckung der Supraleitung in keramischen Materialien durch Bednorz und
Müller 1987 [2, 3] und die kurz darauf folgende Beobachtung von Wu et al. [4, 5],
dass YBa2Cu3O7−x (YBCO) supraleitende Eigenschaften deutlich oberhalb (92 K)
des Siedepunktes von Stickstoff (77 K) aufweist, führten zu einer enormen Inten-
sivierung der Forschung hinsichtlich neuer supraleitender Materialien sowie deren
Eigenschaften und möglichen Einsatzgebieten. Potentielle Anwendungsgebiete für
diese neuen Hochtemperatur-Supraleiter erfordern hohe kritische Stromdichten und
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hohe kritische Feldstärken. Effektive Wege zur Erhöhung der kritischen Stromdichte
in starken Magnetfeldern in YBCO sind der Einbau von Nanoteilchen oder die
chemische Substitution von Yttrium durch ein anderes Seltenerd-Element. Da
niedrige Kosten und gute Umweltverträglichkeit wichtige Voraussetzungen für die
Herstellung von YBCO-Schichten großer Länge darstellen, werden in dieser Ar-
beit die Vorteile und Einsatzmöglichkeiten der Chemischen Lösungsabscheidung
(chemical solution deposition - CSD) untersucht. CSD Prozesse sind besonders
gut geeignet, weil sie keine Vakuum-Technologie erfordern und einen hohen Grad
an Flexibilität garantieren. Zur Demonstration der guten Optimierbarkeit werden
zwei wichtige CSD-Verfahren miteinander verglichen: die Polymer-Metall Precur-
sor Technik - eine Fluor-freie Methode - und die metallorganische Abscheidung
mittels Trifluoroacetat (TFA-MOD), bei der Fluor zum Einsatz kommt. Scharfe
supraleitende Übergänge (Polymer-Metall Precursor Technik: ∆Tc = 1.1 K; TFA-
MOD: ∆Tc = 0.8 K) sowie hohe kritische Stromdichten von ca. 3.5 MA/cm2 (B
= 0 T) zeigen, dass mit beiden Verfahren dünne YBCO-Schichten hoher Qualität
hergestellt werden können. Außerdem bieten CSD-Verfahren durch die hervorra-
gende Kontrollierbarkeit der Stöchiometrie des Precursors die Möglichkeit Yttrium
teilweise oder vollständig durch andere Seltenerd-Metalle zu ersetzen und damit
die kritische Stromdichte in hohen Magnetfeldern deutlich zu erhöhen. In dieser
Arbeit wird gezeigt, dass besonders die TFA-Methode besonders geeignet ist, um
(RE)BCO-Schichten (RE: rare earth) herzustellen. Untersucht wurden verschiedene
Zusammensetzungen mit Sm, Dy und Ho. Außerordentlich interessant sind dabei
die Ergebnisse für Y(Dy)BCO-Schichten. Schichten mit einem Dy-Gehalt von 80 %
zeigen oberhalb von 4.5 T deutlich höhere kritische Stromdichten als reine YBCO-
Schichten. Bei Magnetfeldern größer als 8 T beträgt der Unterschied mehr als eine
Größenordnung.
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1 Introduction
Since the discovery of superconductivity in 1911 by Heike Kamerlingh Onnes [1] it
has been a dream of scientists and engineers to use superconducting materials to
build generators, transformers, motors, electrical circuits or wires. For more than
75 years these ideas had to remain a dream far from any commercial relevance since
superconductivity only occured at very low temperatures. The situation changed
completely in 1986, when Bednorz and Müller found superconductivity in the sys-
tem La-Ba-Cu-O at a relatively high temperature of 35 K [2, 3]. Shortly afterwards,
YBa2Cu3O7−x (YBCO), with a critical temperature Tc of about 90 K, well above
the boiling temperature of liquid nitrogen (77 K), was reported [4, 5]. These results
opened a new dimension in the field of superconductivity. In 1993, HgBa2Ca2Cu3O9
with a Tc of 134 K was discovered [6], and at present, Tc has reached 164 K (un-
der high pressure) [7]. For technical applications YBCO is still the most promising
material in the family of high temperature superconductors. A challenge for com-
mercialization of high temperature superconductors is to reduce the costs of man-
ufacturing, while maintaining the performance required for practical applications.
Several techniques to obtain YBCO films onto different kind of substrates exists:
Pulsed Laser Deposition (PLD), Sputtering, Thermal Co-evaporation, Chemical Va-
por Deposition (CVD), Liquid Phase Epitaxy (LPE), Chemical Solution Deposition
(CSD), etc. Among these different deposition processes, CSD is a highly promising
approach for a variety of reasons. First, the solution-based coating techniques are
well established industrial processes for coating wide, continuous lengths of flexible
substrates. Second, the low cost equipment and low cost materials make the ap-
proach more cost-effective than vapor phase techniques. Additionally the precursor
chemistry and stoichiometry are easy to control allowing for precise optimization
and homogeneity of the YBCO films.
The main part of this work is the production of high quality YBCO films on sin-
gle crystal substrates SrTiO3(STO) using chemical solution deposition approach.
In particular there is need for higher critical current at high temperatures and high
magnetic fields, for both military and commercial application. For this reason the
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other part of this thesis consists in achieving to enhance the critical current den-
sity Jc by introducing pinning centers through chemical substitution of Yttrium
by rare elements (Dy, Ho and Sm). From the CSD approach two techniques were
chosen for comparison: a fluorine-free method, namely the polymer-metal precursor
technique, and a fluorine-based method, the metalorganic deposition (MOD) using
the trifluoroacetates (TFA) technique. The fluorine-free method was reported by
Chien et. al [8]. This technique has been used to produce free-standing thin films
and micrometer-diameter fibers. The method was further used and developed by
Lampe et al. [9–11] for the preparation of c-axis oriented HTSC films on STO single
crystals. Based on the co-evaporation process of Y, Cu and BaF2 [12], Gupta et
al. [13] reported for the first time the use of a precursor TFA-MOD solution for the
preparation of YBCO films. The gel is pyrolyzed at high temperatures in an oxy-
gen atmosphere and metal oxides form. During the solidification, the metal-organic
molecules form a network or gel, which prevents the precipitation of the metal ions.
Because of the different reactivities of the metal organic molecules, segregation can
occur. In both methods, in the sol-gel precursor and in the polymer precursor, the
organic materials function as a matrix which maintains the mixing of the metal
ions until the matrix is pyrolyzed. The interest in flurione-containing precursors
for YBCO arises because using non-fluorine precursors might result in the forma-
tion of stable barium carbonate (BaCO3) at the grain boundaries [14]. To avoid
the formation of BaCO3 the TFA salts are applied since the stability of barium
fluoride (BaF2) is higher than that of BaCO3 and fluorine can be removed during
the high temperature anneal (> 700 ◦C) in a humid, low oxygen partial pressure
environmment [15]. Nevertheless, several factors remain interesting in a fluorine-free
precursor approach. The most important being that the removal of fluorine at high
temperatures is a non-trivial process [14, 16]. Showing and comparing the advan-
tages and disadvantages of fluorine-free and fluorine-based approaches used for the
preparation of the YBCO, REBCO and Y(RE)BCO substituted thin films makes
the aim of this dissertation.
The present work is divided into six chapters. Following the introduction, the prop-
erties of the YBa2Cu3O7−x are reviewed in chapter 1, including pinning mechanism
and the meaning of the irreversibility line. In this chapter, a description of the
REBa2Cu3O7 as a type II superconductor is given as well. Chapter 2 describes the
Chemical Solution Deposition process, and in particular the most important ways
for the preparation of the precursor solutions. At the end of chapter 2 details about
the deposition procedures and the epitaxial growth of CDS layers are presented.
Further, in chapter 3, the experimental techniques used for the physical character-
ization of the YBCO films, are described. Chapter 4 presents the preparation and
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characterization of the precursor solution and YBCO films, prepared by the two
CSD methods used: polymer-metal precursor technique and TFA-MOD technique.
Chapter 5 covers the influence of partial and complete substitution of Yttrium by
other rare earth elements onto the material properties. Therefore the preparation of
the REBCO films is discussed and the main improvements are presented. Chapter
6 summarizes the most important results and gives the conclusions of this work.
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1.1 The High-Tc Superconductor: YBa2Cu3O7−x
1.1.1 Crystallographic properties
The high-temperature superconductor YBa2Cu3O7−x (x: oxygen deficiency) has
an orthorhombic crystal structure consisting of three perovskite-like unit cells
stacked along the c-axis (the perovskite structure has the general formula ABO3).
The lattice parameters are: a=3.82 Å, b=3.88 Å, and c=11.67 Å. YBCO exists
in either a tetragonal or an orthorhombic crystal structure (see Fig. 1.1), being
only superconducting in the orthorhombic phase. The central cell has an Y atom
situated between two CuO2 planes.
Figure 1.1: Crystal structure of a) orthorhombic YBa2Cu3O7 and b) tetragonal
YBa2Cu3O7−x. As it can be seen, O(5) position is not occupied in (a).
Above and below these CuO2 planes is a BaO2 layer, on top of which a Cu-O
basal plane with variable oxygen content is present (Fig. 1.1). In the orthorhombic
phase the oxygen sites are ordered into Cu-O chains along the b-axis, while in the
tetragonal phase the oxygen sites in the basal plane are equally occupied. In the or-
thorhombic phase, superconductivity occurs in the CuO2 planes. The CuO2 planes
contain mobile charge carriers (holes) and the Cu-O chains act as a charge reservoir
that transfer holes to the planes. The oxygen content in YBCO determines its crys-
tallographic structure (Fig. 1.2 (a)) and the hole concentration in the CuO2 plane
[17–19]. In Fig. 1.2 (a) TN represents the Néel temperature of the antiferromagnetic
phase, and Tc the critical temperature of the superconducting phase.
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Figure 1.2: (a) Phase diagram of the YBa2Cu3Ox system as function of the oxygen
content [19] and (b) Variation of Tc with oxygen content [17].
In conclusion, for an oxygen content x = 6, the compound YBa2Cu3O6 is in the
tetragonal phase and an insulator (antiferromagnetic state). Increasing the oxygen
content up to x = 6.6 the compound experiences a phase transition from tetragonal
to orthorhombic (metallic state). From Fig. 1.2 (b) it can be seen that by raising
the oxygen content up to 6.94, Tc approaches its maximum value (93 K). Above
x = 6.94, Tc drops by about 4 K. The maximum Tc value found for x = 6.94 is due
to an optimum hole doping of the CuO2 planes. The drop in Tc for x above 6.94
can be explained as an overdoping, where the holes in the CuO2 planes exceed the
optimum concentration.
1.1.2 Pinning and Irreversibility line
Superconductors are classified into type I and type II through their behavior in
a magnetic field. For a type I superconductor exists only one critical field above
which superconductivity is destroyed (Bc1=Bcth)( [20], Fig. 4.10, p211) In type
II superconductor exists two critical fields. Above the lower critical field Bc1 the
magnetic field can penetrate into material vis so-called flux lines but the material is
still superconducting. Only above the upper critical field Bc2 the superconductivity
state is totally removed ( [20], Fig. 4.23, p234). This behavior can be characterized
by the Ginzburg-Landau parameter κ defined as:
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κ = λξGL
Here, λ describes the penetration depth of a magnetic field into the superconductor,
and ξGL is a characteristic length over which the Cooper-pair density increases from
0 to its maximum value nc(T ). For a type II superconductor there are two critical
fields, a lower critical field Bc1 and an upper critical field Bc2.
Figure 1.3: Typical B - T phase diagram of a type II superconductor [21].
Fig. 1.3 shows the typical B - T phase diagram of a type II superconductor. Below
Bc1, the superconductor behaves like a type I superconductor and remains in the
Meissner phase (the flux is completely expelled). When the applied magnetic field
exceeds Bc1, it penetrates into the material in the form of flux lines also called vor-
tices. For applied fields close to Bc2, the vortices overlap strongly. When the applied
field reaches Bc2, the material becomes non-superconducting. The superconducting
state between Bc1 and Bc2 is known as the mixed state or the Shubnikov phase. In
the mixed state the vortices are arranged forming an hexagonal lattice (for an ideal
type II superconductor), which is known as the Abrikosov lattice. By applying a
current density J to a defect-free type II superconductor in the mixed state, the
flux lines start to move due to the Lorentz force (FL = J × B). The consequence
of the flux motion is the appearance of a finite electric field ~E = ~B × ~v in the
superconductor and a voltage is created. ~v is the velocity of the vortex system. This
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results in a non-desirable energy dissipation and the superconducting property is
lost. In order to recover it, the flux lines have to be fixed by pinning centers in such a
way that ~v = 0. The force that holds the core of the flux lines at the pinning centers
is called pinning force Fp. This force allows the system to sustain the Lorentz force
between the flux lines and the current without flux motion and dissipation. Pinning
centers in a superconductor result from structural inhomogeneities in the material.
In a B-T phase diagram, below Bc2(T), an important point to consider is the irre-
versibility line Birr(T).
Figure 1.4: Position of the irreversibility line Birr(T ) in the B(T) phase diagram [21].
Birr(T) divides the states where the critical current density Jc of the superconductor
is characterized by Jc = 0 and Jc > 0. (Fig. 1.4). The position of the irreversibility
line Birr(T) depends on the nature of the pinning centers in the material. Between
Birr(T) and Bc2(T) the superconductor is in the mixed state. Here, the thermal
activation processes are so strong that the material exhibits a substantial electrical
resistance due to flux motion. Therefore, above the irreversibility line the critical
current density disappears (Jc = 0) and below the irreversibility line the critical
current density has a finite value ( Jc > 0).
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1.2 The (RE)Ba2Cu3O7 (REBCO) series
It is well known that the substitution of Yttrium in YBCO by another rare
earth element (RE) leads to a homologous superconducting 123-compound with
Tc around 90 K. The phase diagram for Y-Ba-Cu-O has been well established.
The system Y-Ba-Cu-O is reduced by considering the metal oxides as compo-
nents of a corresponding ternary system. That is, yttrium oxide (Y2O3), copper
oxide (CuO) and barium oxide (BaO) or barium carbonate (BaCO3) are used
as the corners of the base of a ternary phase diagram. This base is shown in Fig. 1.5.
Figure 1.5: The 1/2 Y2O3-BaO (BaCO3) -CuO phase diagram determined at ∼ 950 ◦C,
in air [22].
The barium-rich ternary oxides in the phase diagram have a high affinity for water
and CO2, which means that phase studies conducted in ambient air and using a
barium carbonate precursor contain oxycarbonate phases. In the phase diagram
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123 is used for YBa2Cu307−x, 211 for Y2BaCuO5, 1 : 4 : 2 for YBa4Cu2Oy, and
1 : 5 : 3 for YBa5Cu3Oy. P88 indicates the solid solution region of the perovskite
phase bounded by 1 : 4 : 2 and 1 : 5 : 3. In case of the REBCO, the subsolidus phase
compatibility triangle changes with the different RE ions. Fig. 1.6 shows the phase
relations from RE = La to Er in the CuO-rich corner of the phase diagram. Dy, Ho
and Yb are not shown because they are analogous to Y. The ionic radius of yttrium
is comparably small, but similar to holmium or erbium. Table. 1.1 gives the ionic
radii of the RE elements that can serve as substitutes for yttrium. Cerium (Ce) and
terbium (Tb) are not included, since they do not form the desired 123 phase [23].
Promethium (Pm) (radioactive) and praseodymium (Pr) are also excluded since
they show no superconducting compound.
Table 1.1: Ionic radii of rare earth elements and yttrium [24].
Rare earth element IR (Å) Rare earth element IR (Å)
Lanthanum (La) 1.160 Holmium (Ho) 1.015
Neodymium (Nd) 1.109 Yttrium (Y) 1.019
Samarium (Sm) 1.079 Erbium (Er) 1.004
Europium (Eu) 1.066 Thulium (Tm) 0.994
Gadolinium (Gd) 1.053 Ytterbium (Yb) 0.985
Dysprosium (Dy) 1.027 Lutetium (Lu) 0.977
The differences in phase compatibilities is due to the increasing ability of the RE3+
ion to substitute for Ba2+ with increasing RE ion size. Translating bulk results to
films is not a problem because controlling RE-Ba substitution levels relies on growth
temperature, oxygen pressure and growth rate. For the development of coated con-
ductors with high Jc performance, (RE)Ba2Cu3O7 superconductors still remain the
material of choice due to their ability to operate in high magnetic fields. The prop-
erty which determines the ability of a coated conductor to carry a supercurrent
is referred to as "flux pinning" [25, 26]. Therefore, one way to enhance Jc is to
introduce strong flux pinning centers in the matrix. The correlation between the
defects on the material and Jc is complex. The pinning force of one individual de-
fect depends on its size, its shape, its composition and structural interaction with
the matrix. It is known that the Jc of the first epitaxial YBaCuO films produced
was 10− 100 times higher than that of YBaCuO single crystals because of their
high density of intrinsic defects due to thin-film growth.
Effective ways to increase the critical current at high magnetic fields are:
• introduction of nanoparticles as reported for Y2BaCuO5 [27], BaIrO3 [28],
BaZrO3 [29, 30] and BaHfO3 [31]
and
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Figure 1.6: Phase relations in the 1/2 Re2O3-BaO-CuO series at ∼ 950 ◦C, in air, near
the CuO-rich region with progressively decreasing RE ionic radii in the order
La, Nd, Sm, Eu, Gd, Y, and Er [22].
• chemical substitution by rare earth elements [32–34]
An improvement of Jc in thin YBCO films prepared by the Trifluoroacetates (TFA)
method by introducing nanoparticles of BaZrO3 [35] and BaHfO3 [36] has also been
reported recently. The most complex and poorly understood pinning enhancement
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mechanism occurs from the substitution of yttrium in YBaCuO films by other
rare-earth elements. Even though rare earth compounds (REBCO) show a different
and sometimes enhanced field dependent Jc behavior compared with YBCO,
the reasons are still uncertain. One obvious influence is the increased transition
temperature Tc [37]. The simplest substitution approach is to replace yttrium with
a rare earth element, maintaining the 123 stoichiometry. GdBa2Cu3O7−x shows
a significant in-field enhancement over YBCO [38]. Even if the compositions Sm-
BCO [39] and EuBCO [40] need to be deposited at higher temperature and oxygen
pressure to control the amount of RE-Ba exchange, a promising enhancement was
reported. Such modifications are not necessary for the heavier rare earth elements,
with lower melting point, because of decreased ability of RE to substitute for Ba
( [41], Table. 1.2 ).
Table 1.2: The melting points of REBCO and YBCO. Here the melting point is the
peritectic decomposition temperature and RE123 = RE422 + L for La and
Nd and RE123 = RE211 + L for other RE elements [24].
Rare earth Melting point (°C) Rare earth Melting point (°C)
Lanthanum (La) 1090 Holmium (Ho) 990
Neodymium (Nd) 1090 Yttrium (Y) 1000
Samarium (Sm) 1060 Erbium (Er) 980
Europium (Eu) 1050 Thulium (Tm) 960
Gadolinium (Gd) 1030 Ytterbium (Yb) 900
Dysprosium (Dy) 1010 Lutetium (Lu) 880
Another interesting result is the relation between the n -value and the critical cur-
rent [42]. The n-value is defined by an empirical power law in the E-J characteristics,
E ∝ Jn, and for conventional superconducting wires, it is regarded as one of the
quality indices [43]. Using the relation between the n-value and the critical current
Oh et al. [44] proposed a scaling law, namely, the Kramer model including thermal
activation for a better understanding of this relation. Further more Oh et al. [45]
extend the Kramer model for REBCO (RE = Sm) thin films. It was observed that
there is a correlation between the critical current and the n value, which can be
described by the Kramer model including thermal activation. The next level in
complexity are mixtures of rare earth elements and yttrium, having the 123 stoi-
chiometry (RE,Y)Ba2Cu3O7−x. The partial substitution of RE atoms with different
ionic radii ( Table. 1.2 ) for Y in YBCO can lead to a local lattice mismatch because
the cell dimensions of Re 123 and Y 123 slightly differ. Due to partial substitution
the stress field created by mismatch can lead to effective pinning centers [32].
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In Table. 1.3, a compilation of results for films reported to have enhanced Jc in a
magnetic field relative to standard YBCO is presented.
Table 1.3: Results for films with rare earth addition or substitution. JcI stands for Jc
measured at 1 T and 77 K ∗, JcII at 3 T and 77 K, JcIII at 3 T and 65 K, and
finally, JcIV measured at self-field, at 77 K. ∗ These samples were measured at
Los Alamos at the local boiling point temperature of liquid nitrogen, 75.5 K,
which gives higher Jc values than measurements at 77 K [46]
Enhancement Film Film JcI JcII JcIII JcIV
method deposition thickness
process (µ m)
and (MAcm−2) (MAcm−2) (MAcm−2) (MAcm−2)
substrate
RE addition
or substitution
(Nd1/3Eu1/3Gd1/3) PLD, SrTiO3 0.05 0.28 0.07 0.40 3
BCO mixture
(Nd,Eu,Gd)BCO PLD, SrTiO3 0.125 1.0 0.2
trilayer
(Dy1/3HO2/3)BCO PLD, SrTiO3 1.4 0.45∗ 0.12∗ 2.3∗
EuBCO PLD, SrTiO3 0.16 0.77∗ 0.19∗ 5.5∗
(Y2/3Sm1/3)BCO PLD, SrTiO3 0.80 0.37∗ 0.18∗ 3.3∗
(Y2/3Sm1/3)BCO PLD, 1.2 0.45∗ 0.14∗ 2.4∗
IBAD MgO
30%Y- BaF2, 0.7 0.41 0.13 0.60 2.5
rich precursor RABITS
Sm1.08B1.92C307−δ PLD, MgO 0.40− 0.7 1.1 0.5 3.2
with seed layer
GdBCO PLD, IBAD 0.25 0.80 0.25 3.0
Gd2Zr0.2O0.7
(Y0.9Sm0.1)BCO MOCVD, 1.0 0.21 0.07 0.45 1.9
IBAD MgO
(Gd0.8Er0.2)BCO PLD, IBAD 0.42 0.65 0.20 2.0
Gd0.2Zr0.2O0.7
NdBCO PLD, 0.17 0.40 2.2
RABITS
GdBCO PLD,IBAD 3.6 0.17 0.06 1.4
Gd0.2Zr0.2O0.7
20%Y- BaF2 3 0.57∗ 0.18∗ 1.5∗
rich precursor RABITS
YBCO/(Y+Dy0.5) MOD, 1.75 0.55∗ 0.17∗ 3
BCO bilayer RABITS
(Y-Dy0.5)BCO MOCVD, 0.8 0.75 2.9
RABITS
(Y0.9Sm0.1)BCO MOCVD, IBAD 2.1 0.48∗ 3
MgO
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2 Chemical Solution Deposition -
CSD
The development of Chemical Solution Deposition dates back to the mid-1980s.
Publications by Fukushima et al. [47] and Dey et al. [48] demonstrated that it is
possible to obtain the desired properties of bulk perovskite materials in thin film
form. The basic idea of the chemical solution deposition is to prepare a "homoge-
neous" solution containing the needed metal ions, that is later applied to a substrate.
The manufacture of thin films using this process involves four basic steps (Fig. 2.1):
• preparation of the precursor solution
• deposition of the film onto the substrate
• low-temperature heat treatment for drying and pyrolysis of the organic com-
pounds (up to 600 ◦C)
• higher temperature heat treatment for the crystallization of the film into the
desired oxide phase (≈ 600 ◦C- 1200 ◦C).
Figure 2.1: Overview of Chemical Solution Deposition [49].
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For most solution deposition processes the final three steps are similar even with
differences in the characteristics of the precursor solution. Some requirements must
be fulfilled by the solution chemistry, the substrates and the processing conditions
for successfully using the CSD technique:
• sufficient solubility of the precursor salts in the solvent to obtain a stable
solution
• no macroscopic phase separation of precursor components during drying or
pyrolysis
• acceptable wetting of the substrate
• solution rheology adjusted to the deposition approach and deposition param-
eters to avoid thickness variation
• sufficient long-term stability of the solution to avoid non-reproducible film
properties.
Chemical solution deposition has some advantages over conventional methods. The
first advantage is the precise control of the composition. Secondly this method gives
a wide flexibility in the substrate choice and, finally, the most important advantage is
the lower cost of this method for coating large areas since vacuum technology is not
required. Further advantages of this process are the simplicity of different precursor
solutions preparation and the fact that it is a process which can be modified in
order to synthesize a new material system.
2.1 CSD processes
In his review Schwartz [50] names the most important chemical solution approaches
for the preparation of thin films:
(1) Sol-gel processes, as the name implies, involves the transition of a system from
a liquid "sol" (mostly colloidal) into a solid "gel".
(2) Chelate processes are a modification of the sol-gel route by adding some chelating
agents to the solution such as: acetic acid, acetylacetonate.
(3) Metal organic decomposition (MOD) uses water insensitive metal carboxylate
compounds. Other approaches that have been also used are: the nitrate and citrate
methods and the Pechini process.
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In general, the solution preparation of perovskite systems requires metalorganic
compounds that are dissolved in a common solvent. The starting substances are
most commonly metal alkoxide compounds: M(OR)x, where M is a metal and R
is an alkyl group, metal carboxylate: M(OOCR)x, metal ß-diketonate: MOx(CH3-
COCHCOCH3)x, metal nitrate etc. The selection of the starting substances is
decided by solubility and reactivity considerations. The solution route chosen
influences the carbon content in the films, the temperature at which the pyrolysis
of the organic species takes place, the weight loss which occurs at the oxide phase
formation, the crystallization and densification behavior of the film. Some of these
effects are well understood, but others are less clear, mostly because of the difficul-
ties in characterizing the precursor solution and the formation of an amorphous film.
The Sol-Gel route
By applying the sol-gel process, it is possible to produce ceramic or glass materials in
a wide variety of forms: ultra-fine or spherically shaped powders, thin film coatings,
ceramic fibers, micro-porous inorganic membranes, monolithic ceramics and glasses
or extremely porous aerogel materials [51]. It is a wet chemical route to synthesize
a colloidal suspension of solid particles or clusters in a liquid (sol) and subsequently
leads to a formation of a dual phase material through a sol-gel transition (gelation).
Classical sol-gel processes are those which use alkoxide compounds involved in hy-
drolysis and polycondensation reactions. The most common solvent used in this
process is 2-methoxyethanol (CH3-OCH2CH2OH). Its use has two main reasons: as
solvent it could dissolve almost any kind of metal alkoxide and usually it is less reac-
tive with water than other alkoxides, simplifying the solution manipulation. While
the control over the precursor characteristics is good, the process simplicity is low.
2-methoxyethanol is toxic, presenting a significant safety concern.
At the functional group level, there are three reactions (key reactions) generally used
to describe the sol-gel process: hydrolysis, alcohol condensation and water conden-
sation, in which oligomeric species with metal-oxygen-metal bonds are formed:
• (1) Hydrolysis:
M(OR)x + H2O → M(OR)x−1(OH) + ROH
• (2) Condensation (alcohol elimination):
2M(OR)x−1(OH) → M2O(OR)2x−3(OH) + ROH
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• (3) Condensation (water elimination):
2M(OR)x−1(OH) → M2O(OR)2x−2 + H2O
Processes based on 2-methoxyethanol are usually considered to be the most appro-
priate examples of sol-gel processes. Another key reaction in the use of this solvent is
the alcohol exchange reaction that results in a decrease in the hydrolysis sensitivity
like the mainly used titanium tetra i-propoxide and zirconium tetra n-propoxide in
the production of Pb-based perovskite (PZT) [52]. During an alcohol exchange pro-
cess a less reactive alkoxy group (2-methoxyethoxy group in this case represented
by OR′) replaces a more reactive alkoxy group (OR):
M(OR)x + xR′OH → M(OR’)x +ROH
2-Methoxyethanol has often been used for the dissolution of carboxylate precursors
like lead acetate (Pb(OCOCH3)2). Controlling the H2O/Metal ratio, the reflux, the
catalysis, the solvent nature and the process temperature it is possible to influence
the gel cluster shape and size and, subsequently, the properties of the resulting
material.
The Chelate route
Similar to the sol-gel process, the chelate route also utilizes alkoxide compounds as
starting substances. The difference from the sol-gel processes is that these routes
depend on the molecular modification of the alkoxide compounds through reac-
tions with chelating ligands such as: acetic acid, acetylacetone (2, 4-pentanedione)
or amine compounds. Common with the sol-gel route is the formation of the small
oligomeric species during the solution preparation. The hydrolysis and the conden-
sation reaction play also a role in the chelate route but the key reaction is chelation
of the metal alkoxide. In case of acetic acid this reaction is:
M(OR)n + xCH3COOH → M(OR)n−x(OOCCH3)x +xROH
The main reason for using chelating ligands is to reduce the hydrolysis sensitivity of
the alkoxide compounds meaning that the solutions can be more easily handled in
air [50]. Despite the fact that the chelate route is simple and rapid (distillation and
refluxing not required) the complexity of the chemistry in the solution preparation
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creates difficulties in the stability and control of the precursor structure, compared
with the sol-gel processes. Another disadvantage of this method, due to the reactiv-
ity in the precursor solution, is the change in the precursor characteristics over time
(weeks to months) and in this manner a degradation in the film properties. In spite
of these disadvantages, as with sol-gel processes, thin films with excellent electrical
and microstructural properties have been prepared using this approach [53].
The MOD route
The metal organic (MOD) decomposition is characterized by the simplicity of
the precursor solution synthesis. Basically the solution is prepared by dissolving
the starting compounds with large carboxylate chains (e.g. 2-ethylhexanoate) in
a common solvent (e.g. xylene). This makes the characterization of the precursor
solution simple. The metal organic compounds do not interact with the solvent and
there is no oligomerization behavior as in the sol-gel or chelate process. Since the
characteristics of the precursor solution can have a strong effect on the properties
of thin films, the impossibility to "tailor" the properties due to the absence of
hydrolysis, condensation or chelation reactions limits the process flexibility. Because
the large organic ligands may cause film cracking or shrinkage due to the weight
loss during thin film processing, Haertling [54] has proposed an alternative to avoid
these problems: low reactivity starting substances are used but in this case, short
chain carboxylate compounds (e.g. acetic acid or ß-diketonate), rather than the
commonly 2-ethylhexanoate. The aging of the MOD precursor solution is slower
than in the chelate processes.
The Nitrate, Citrate and Pechini routes
In the Nitrate route the desired amounts of the nitrates are dissolved in deionized
water or alcohol. Even though this approach is easier than the Pechini and Citrate
methods a problem which can appear is the dewetting of the substrate [50]. In the
preparation of the citrate precursor solution in the Citrate route, stoichiometric
amounts of metal nitrates are dissolved in water, and for the formation of the
citrate compounds, citric acid is added. The precursor solutions in this method
have a lower organic content and, in this way, the weight loss of the films during
the transformation into the ceramic phase is lower. As starting substances for the
Pechini route, metal nitrates are used. The metal nitrates are first dissolved in
water, then citric acid, HOC(COOH)(CH2COOH)2, is added for the chelation of
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the cations resulting in the formation of a polybasic acid. Further, by adding a
polyhydroxyalcohol, typically ethylene glycol, HOCH2CH2OH, the citric acid-metal
chelates will react with ethylene glycol to form organic ester compounds. By heating
the mixture the polyesterification and the formation of large metal/organic polymers
occur. An advantage of this method is that the chemistry is well controlled. In this
way, by varying the citric acid/ethylene glycol ratio and the solution preparation
temperature, the viscosity and the polymer molecular weight of the solution can
be controlled [55]. The citrate route is similar to the Pechini route, except that the
ethylene glycol and other polyhydroxy alcohols are not used [56].
2.2 Deposition procedures
One of the technologically most important features of CSD processing is that, previ-
ous to gelation, the solution is ideal for preparing thin films by processes as dipping,
spinning, or spraying. A detailed description for these processes is given by Brinker
and Scherer [51]. Because in this work spin coating is used as the principal method
for applying the solution onto the substrate, the description for the spin coating is
given in detail.
Some technological areas, which depend strongly on high quality spin coated layers
are:
• Photoresists for defining patterns in microcircuit manufacture
• Flat screen display coatings - antireflection coatings, conductive oxides
• Compact disks: DVD, CD
• Magnetic disk coatings - magnetic particle suspension, head lubricants
The spin coating procedure is divided into 4 stages : deposition, spin-up, spin-off
and evaporation (Fig. 2.2), even if evaporation may accompany the other stages.
Figure 2.2: Stages of the spin coating process.
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The first stage is the deposition of the precursor solution onto the substrate,
usually deposited by a syringe or it could be sprayed. An excess of the solution is
dispensed on the surface during this stage. A potential issue in this stage is whether
the precursor solution wets the surface completely. If the precursor solution does
not wet completely, an incomplete surface coverage can result.
In the second stage the substrate covered with the solution is accelerated up to its
final, desired, rotation speed. The liquid flows radially outward, driven by centrifugal
force. When the desired speed is reached and the fluid is thin enough the viscous
shear balances the rotational acceleration.
In the third stage the substrate is spinning at a constant rate and fluid viscous
forces dominate the fluid thinning behavior. This stage is characterized by a gradual
fluid thinning. As the film thins, the rate of removal of excess liquid by spin-off slows
down. The thinner the film, the higher is the resistance to flow, and because the
concentration of the nonvolatile components increases raising the viscosity.
In the fourth stage the substrate is still spinning at a constant rate and the
evaporation of the solvent dominates the coating thinning behavior.
Clearly stages three and four describe two mechanisms that must be occurring
simultaneously (viscous flow and evaporation). These two stages have the most
impact on the final coating thickness. An advantage of spin coating is that a film of
liquid tends to become uniform in thickness during spin-off and, once uniform, tends
to remain so (viscosity is not shear dependent and doesn’t vary over the substrate).
This tendency appears due to the balance between the two main forces: centrifugal
force and viscous (friction) force. The thickness of an initially uniform film during
the third stage (spin-off) is described [57]:
h(t) =
h0
(1 + 4ρω
2h20t
3η )
1
2
eq. (2.1)
where h0 is initial thickness, t is time, ρ is fluid density, η is viscosity and ω is
angular velocity: ρ and ω are assumed to be constant. Even films which are not
initially uniform are inclined in direction of uniformity, ending following 2.1.
The spinning procedure creates a steadly forced convection in the vapor above the
substrate that causes the mass transfer coefficient k to be quite uniform. k, is a
system constant defined as:
k =
ρω2
3η eq. (2.2)
Evaporation of solvents occurs throughout the entire spin coating process. This
evaporation occurs as mass transfer of solvents at the fluid/vapor interface. These
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equations are strictly valid only when k is constant. However, for spin coating of
sol-gel or other complex solutions this may not be true during all stages of spinning
(viscosity and density are expected to increase as the evaporation progresses). At
longer times, solvent evaporation has an important contribution. Meyerhofer [58]
developed a model for spin coating that divides the spin-off and evaporation stages.
He was the first to estimate the final coating thickness and the total time to achieve
this thickness as shown in 2.3. and 2.4.:
hfinal = (1−
ρ̇A
ρA
)(
3ηe
2ρ̇Aω2
)
1
3 eq. (2.3)
and
tfinal = tspin−off + hspin−off
ρ̇A
eρA
eq. (2.4)
where ρA is the mass of volatile solvent per unit volume,ρ̇A is its initial value,
and e is the evaporation rate. These equations are valid for Newtonian liquids that
do not have a shear rate dependence of the viscosity during the spin-off stage. If
the liquid is shear thinning, the lower shear rate experienced near the center of the
substrate causes the film to stay thicker. This is often the case for particulate sol and
gel-forming systems. In order to overcome this problem, commercial spin coating
devices employ sophisticated dispensing systems that dose liquid from a radially
moving arm. The angular velocity and the spinning time together with the solution
viscosity are factors to play with for controlling the thickness of the wet film. These
characteristics and the concentration of the solution will determine the thickness of
the final ceramic film.
2.3 Epitaxial crystal growth
The root of the modern word epitaxy is illustrated by two ancient words: επι (epi,
placed or resting upon) and ταξισ (taxis, arrangement) meaning the extended sin-
gle crystal film formation on top of a crystalline substrate. Epitaxy depends on the
nucleation and growth relationship between two crystalline phases in such a way
that the deposited material (guest atoms) can grow with the same crystal structure
on the host crystal of the same material. Generally, chemical and/or structural inho-
mogeneities develop at the guest/host interface. In the completed epitaxial reaction
there exists a two-phase system, consisting of two adjacent epitaxial partners: the
host and guest substrate. The layer grown on the substrate can be formed from
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amorphous solid deposits, a liquid phase (solution or melt), a vapor or a gas, or
from atomic or molecular beams. The techniques for growing thin epitaxial films
are: Solid Phase Epitaxy (SPE), Liquid Phase Epitaxy (LPE), Vapor Phase Epitaxy
(VPE), Molecular Beam Epitaxy (MBE). In solid phase epitaxy a thin amorphous
film layer is first deposited onto a crystalline substrate, which is then heated to
convert the film into a crystalline layer. The crystallization of the amorphous layer
can be divided into two types (Fig. 2.3) [59]:
Figure 2.3: (a) Solid Phase Epitaxial Growth of a thin amorphous layer on a crystalline
substrate. (b) Random Nucleation and Growth of crystallites in the amor-
phous phase can interfere with SPEG at high temperature [49, 59, 60].
(1) Solid Phase Epitaxial Growth (SPEG):
• takes place at an amorphous-crystal interface. Here the amorphous phase is
used to create the stable crystalline phase. The amorphous phase can regrow
layer-by-layer with the same crystalline structure as the substrate
(2) Random Nucleation Growth (RNG):
• takes place when thermal fluctuations produce a sporadic formation of crys-
talline nuclei of different sizes and consequently a short-range order recovery in
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the amorphous phase is introduced. Some of these crystallites can expand and
grow in size by the addition of further atoms from the disordered state at the
amorphous-crystal interface. The regrowth increases without any preferential
direction and, as a consequence, the amorphous layers become polycrystalline
material.
Two general approaches are involved for the conversion of the as-deposited film into
the crystalline perovskite phase :
• single step processing where the film is usually heated rapidly to the crystal-
lization temperature (organic pyrolysis and crystallization)
and
• two-step processing, which is a more common approach, where the
as-deposited film is first focused to separate organic species (pyroly-
sis/thermolysis) prior to crystallization at higher temperatures.
The two step process has been used more extensively for the perovskite materials
while the one step process has been used more often for BaTiO3 and SrTiO3 based
materials [61].
Depending on the chemical process used to manufacture the precursor solution the
transformation of the precursor layer into a crystalline epitaxial layer is possible to
be summarized as:
• condensation reactions in the precursor layer
• breaking of the M-O-C (M-O-R) bonds and formation of the M-O-M bonds
during the pyrolysis
• relaxation and densification in the amorphous pyrolyzed (inorganic) layer.
and
• crystallization
The film shrinkage during the pyrolysis step is connected to the nature of the pre-
cursor compound and can introduce stress in the film (> 100 MPa). The film may
shrink by 50-70 % [55]. The induced stress and whether the film cracking will ap-
pear depends on the reactivity of the precursor, films prepared from less reactive
precursors maintain their viscoelastic properties longer during processing and the
solvent can be removed without inducing major stress. Lange [62] suggests that the
large volume decrease during the pyrolysis will lead to cracks if the film thickness
is higher than a critical value. Because the pyrolyzed films are usually amorphous,
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film crystallization takes place by nucleation and growth processes. The theoretical
description of nucleation and growth in the films formed from a solution is similar to
the one described in traditional glasses. It has been demonstrated that the driving
force which rules the transformation from the amorphous (pyrolyzed) film into the
crystalline phase plays an important role in the active nucleation events and, in this
way, the film microstructure [63].
The driving force ∆GV , is the free enthalpy difference between the amorphous and
the crystalline phase. The Fig. 2.4, originally proposed by Roy [64], demonstrates
the differences in the free enthalpies between the amorphous film and the crystalline
ceramic phase. It is clear that below the melting temperature nucleation is thermo-
dynamically favorable and occurs throughout the film. Above the material melting
point instead, the liquid phase is thermodynamically favorable.
Figure 2.4: Schematic diagram of the free enthalpies of a solution derived amorphous
film, the ideal supercooled liquid, and the crystalline perovskite phase. ∆GV
is the thermodynamic driving force for crystallization.
∆GV plays a significant role because it influences the barriers for nucleation of the
crystalline phase at different locations: substrate interface, surface, bulk in the film.
From the nucleation and growth theory [65], the energy barriers for homogeneous
and heterogeneous nucleation and their dependence on the driving force are shown
in the following equations (the radius of the critical nucleus r∗ = −2γ/∆GV ):
∆G∗homo =
16πγ3
3(∆GV )2
∆G∗hetero =
16πγ3
3(∆GV )2
f(θ)
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f(θ) =
2− 3 cos θ+ cos3θ
4
where γ is the interfacial energy, ∆GV is the driving force for crystallization, mean-
ing the free-enthalpy difference per unit volume for the amorphous-crystalline film
transformation and f(θ) is a function related to the contact angle, θ, for a hemi-
spherical nucleus. In order to grow textured materials, the single crystal substrate
must transfer directly its crystallographic structure to the film. This means that it
is preferable to force heterogeneous nucleation on the substrate. The substrate-film
interaction reduces the surface energy, which leads to a reduction of the energetic
barrier, so in this way, heterogeneous nucleation is favorable. The smaller θ is, the
smaller is the surface tension and more favorable will be the heterogeneous nucle-
ation. When high heating rates are used the physical processes leading to densi-
fication and crystallization of the film are delayed to higher temperatures. Under
these conditions, crystallization occurs with lower driving forces and then, due to
the f(θ) term, the lower energy heterogeneous nucleation becomes more important.
Another way to obtain heterogeneous nucleation is using CSD precursors which
have a high decomposition temperature achieving the same effect of delaying the
nucleation temperature.
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3.1 Fabrication of the films
3.1.1 Spin coating procedure and heat treatment of the TFA
and polymer films
For the deposition of precursor films onto strontium titanate, SrTiO3 (STO), sin-
gle crystal substrates (10 mm × 10 mm) a spin coater (Delta 6RC TT) from Süss
MicroTec was used. The strontium titanate (STO) single crystal substrates were
cleaned, prior to deposition, with acetone in an ultrasonic bath and dried. The so-
lution is applied onto the substrate by spin coating with a speed between 2000 rpm-
6000 rpm and times between 20 s and 1 min, depending on the viscosity of the precur-
sor solution. The deposition of the films has been carried out at room temperature.
For thicker films the deposition procedure can be repeated. For the polymer films
immediately after spin-coating, the films were dried by placing the samples into an
furnace set to 170 ◦C for 3 h. During this step most of the solvent was removed from
the film. The precursor films were then ready for high-temperature processing.
The time/temperature schedule for the heat treatment of the TFA based precursor
film to form the YBCO films is shown in Fig. 3.1. The heat treatment of the films
takes place in a tube furnace with a continuous gas flow rate of 2.0 l min−1 . The
pyrolysis step takes place under wet oxygen (O2) atmosphere (20 ◦C dew point).
During a subsequent heating at 800 ◦C (the maximum temperature) under wet
nitrogen (N2) atmosphere with 100 ppm O2 the YBCO phase forms during a 1 h
dwell time at the peak temperature. As a last step the film is cooled in pure O2 to ≈
440 ◦C, and is kept at this temperature for 1 h. The time/temperature schedule for
the polymer-YBCO films is shown in Fig. 3.2. The heat treatment for the polymer-
YBCO films is not so complicated as for the TFA-YBCO films. By binding the
metal ions to the acidic groups of the polymers the distribution of metal ions is
homogeneous and therefore the processing times are shorter [10].
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Figure 3.1: Time/temperature schedule for the heat treatment of the TFA-YBCO pre-
cursor films [66].
Figure 3.2: Time/temperature schedule for the heat treatment of the Polymer-YBCO
precursor films.
The first step, decomposition of the polymer, is a fast heating (heating rate
10 K/min) up to the maximum temperature of 775 ◦C(at around 772 ◦C the rate
is slowed down a bit to make sure that 775 ◦C is not passed). This is followed by
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a second step retaining the maximum temperature for half an hour. During this
step, the formation of the YBa2Cu3O7 phase takes place. Nitrogen containing small
amounts of oxygen (200 ppm) was used as heating atmosphere. Finally the sample
must be cooled in pure oxygen to 490 ◦C and held at this temperature for 2 h before
cooling to room temperature in order to reach the correct oxygen stoichiometry of
the YBCO phase.
3.2 X-ray diffraction and texture analysis
Through X-ray diffraction, a non-destructive technique, information can be obtained
about the phase composition, orientation (texture) and crystallographic structure of
natural and manufactured materials. When a material is irradiated with a parallel
beam of monochromatic X-rays having a wavelength (λ) of order as the inter-atomic
or intermolecular distance (d), the atomic lattice of the sample acts as a three
dimensional grating and the X-rays are diffracted from the crystal lattice at specific
angles according to the Bragg law:
nλ = 2dsinθ,
where n is an integer determined by the order given, λ is the wavelength of X-rays,
d is the spacing between the planes in the atomic lattice and θ is the angle between
the incident ray and the surface of the crystal (Fig. 3.3). For the characterization
Figure 3.3: Schematic diagram for determining Bragg’s law.
of the texture of the thin films different X-ray diffraction methods were used. With
a standard Powder Diffractometer PW3020 from Philips (Co-Kα-radiation) θ− 2θ
scans were measured and with a four-circle Diffractometer X’Pert PW3040 from
Philips (Cu-Kα-radiation) pole figures (individual χ, φ and ω-scans) were mea-
sured. For the measurements the Bragg-Brentano geometry is used. In Fig. 3.4 the
characteristic four angles of the Philips Goniometer are shown.
27
3 Experimental techniques
Figure 3.4: The characteristic four angles of the Goniometer.
θ− 2θ - scans: by varying the angle of incidence, a diffraction pattern is recorded.
The position and the intensity of the peaks are used for identifying the underlying
structure of the material. ω- scans (rocking curves): are taken to check for a prefer-
ential film orientation normal to the substrate plane. A strong peak from the θ− 2θ
scan was chosen, the detector was set to the corresponding value of the 2θ angle
and was kept fixed. Determining the full width at half maximum (FWHM) value
of the profile, ∆ω, is obtained information about the degree of the uniaxial epi-
taxy (Out-of-Plane orientation). Pole figures, ψ and φ - scans: characterize the
in-plane-orientation of the films. For the texture measurements a four circle diffrac-
tometer is used. A pole figure is a way of displaying a crystallographic texture. It is
normally a stereographic projection of the crystallographic directions present in the
grains that constitute the material. A pole figure is measured at a fixed scattering
angle (constant d-spacing) and consists of a series of φ - scans (in-plane rotation
around the center of the sample) at different tilt or ψ-(azimuth) angles (Fig. 3.5).
The full width at half maximum (FWHM) value provides the degree of in-plane
texture.
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Figure 3.5: Pole figure measurements.
3.3 Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) was used to analyze the surface morphology of
the films. For conventional imaging, SEM requires that the samples are conductive
for the electron beam to scan the surface and that the electrons have a path to
ground. The SEM images were taken by using a JEOL JSM 6400. The types of
signals made by SEM can include secondary electrons, back scattered electrons and
characteristic x-rays. The imaging mode uses secondary electrons. Attached to the
SEM instrument is an energy - dispersive X-ray diffraction (EDX) equipment for
the chemical characterization of the film. No sample preparation is necessary in our
case, since the films once oxygenated are conducting. In the case that the samples
are not conducting, it is required to coat them with a thin conductive layer such as
gold. With the SEM imaging the grain orientation may be observed, as well as the
film homogeneity, secondary phases and the porosity.
3.4 Viscosity measurements
Rheology is the science of flow and deformation of matter under the influence of
an applied stress (shear stress or tensile stress) and describes the relation between
force, deformation and time. Fluid rheology is used to describe the consistency of
different products, normally by the two components: viscosity and elasticity. Vis-
cosity is the measure of a material’s resistance to flow. It is a material property
which depends on different parameters such as: mechanical stress and strain, time,
as well as temperature and other ambient conditions. In rheology it is distinguished
between so-called Newtonian and non-Newtonian materials. Newtonian materials
are characterized by a viscosity which may depend on the temperature but is in-
dependent of the shear rate (and shear stress). In contrast, the viscosity of the
non-Newtonian materials depends on the shear rate.
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Friction becomes apparent when a layer of fluid is forced to move in relation to
another layer. The greater the friction, the greater the amount of force required to
cause this movement, which is called shear. Shearing occurs whenever the fluid is
physically moved or distributed, as in pouring, spreading, spraying or mixing. Isaac
Newton defined viscosity by considering the model represented in Fig. 3.6.
Figure 3.6: Definition of shear stress and shear rate based on shearing between planes
(Isaac Newton, 1687).
Two parallel planes of fluid of equal area A are separated by a distance dx and are
moving in the same direction at different velocities V1 and V2. Newton assumed
that the force required to maintain this difference in speed was proportional to
the difference in speed through the liquid, or the velocity gradient. The velocity
gradient, dv/dx , is a measure of the change in speed at which the intermediate
layers move with respect to each other. It describes the shearing, which the liquid
experiences, and is thus called shear rate.
The shear stress is defined as:
τ =
F
A
, F : force,N and A : area,m2
The shear rate is defined as:
γ̇ =
dv
dx
Because of the necessity to control the stability of the precursor solution the dynamic
viscosity was measured:
η =
τ
γ̇
; [η] = Pa · s,
where η is the dynamic viscosity. The flow curve, which is a plot of shear stress versus
shear rate, will, therefore, be a straight line with slope η for a Newtonian fluid. The
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dynamic viscosity of the precursor solutions was measured at 20°C with a rotational
viscometer, MC 100, Physica. The measurement system is a plate/plate system
(MP32) with a viscosity range between 20 mPas and 122 000 mPas. For higher vis-
cosities, a plate/plate (MP30) measurement system with a viscosity range between
1500 mPas and 9 960 000 mPas has been used.
3.5 Investigation of the superconductive properties
Inductive Tc and Jc measurements
For the determination of the critical transition temperature Tc an inductive method
was used. In this method the sample is located between two coils, a primary and a
secondary coil. The principle of the inductive method is based on the initiation of
an alternating magnetic field by a primary coil and the detection of the response
in a secondary coil by a lock-in amplifier.
Figure 3.7: Inductive Tc measurement for a YBCO film.
If the sample is in the superconducting state, produces shielding currents in response
to a generated alternating magnetic field, the secondary coil is protected by the
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superconducting sample and the lock-in amplifier does not detect any signal. If,
however, the sample is in the non-superconducting state, the alternating magnetic
field generated by the primary coil induces an alternating voltage in the secondary
coil that is detected by the lock-in amplifier. In Fig. 3.7 a typical inductive Tc
measurement of a YBCO film is presented. Temperatures are determinated at 10
%, 50 % and 90 % of the superconducting transition and noted as T10c , T50c and
T90c , respectively. The difference T90c - T10c , noted with ∆ Tc, the transition width,
is the representative value for the superconducting transition.
The inductive measurement of Jc at 77 K is performed in a liquid nitrogen reservoir
by self induction. Here, the primary and the secondary coil are identical. The signal
is the third harmonic development of the induced voltage. If the voltage reaches a
certain limit,the critical current density is reached. Fig. 3.8 shows a typical inductive
measurement of Jc.
Figure 3.8: Inductive Jc measurement map of a 10 mm × 10 mm YBCO film.
Resistive Tc and Jc measurement
The critical transition temperature (Tc), and the transition width (∆Tc) are mea-
sured in the standard four probe geometry. Press contacts were used for unpatterned
samples. The resistance is measured in dependence of the temperature to determine
Tc and ∆ Tc. Fig. 3.9 shows a YBCO sample with the transition temperature Tc
measured resistively.
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Figure 3.9: Resistive Tc measurement for a YBCO film.
In order to measure the critical current density (Jc), the samples were patterned by
photolithography. The length of the bridge is 800 µm and the width of the bridge in
case of a YBCO film on STO substrate was 50 µm. For patterning by photolithog-
raphy the YBCO film was covered with a thin film of photoresist. Subsequently, it
was exposed to UV light illuminating the sample through a negative mask of the
contact pad pattern. In this way a positive structure of the mask on the sample
was obtained. To remove the unmasked YBCO film, an etching process is neces-
sary using different techniques: wet chemical etching or ion etching. Wet chemical
etching consists of removing the unmasked YBCO film by dilute H3PO4, while the
covered YBCO film is protected by the photoresist mask. A disadvantage of this
method is that the dilute acid can undercut the photoresist resulting in a patterned
bridge with badly defined dimensions. Using ion etching, the uncovered YBCO film
is removed by an Ar+ ion bombardment, while the photoresist protects the covered
YBCO film. With this method the disadvantage of the chemical method is covered.
The measurements were performed in a four-probe geometry in a Quantum De-
sign "Physical Property Measurement System" (PPMS) with a temperature range
between 4 K and 400 K, with an applied magnetic field up 9 T. The samples were
measured with the c-axis of YBCO parallel to the applied magnetic field B ( ~B‖~c).
The critical current density Jc of the YBCO was obtained from V - J characteristics,
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defining Jc as V(Jc) = 8 × 10−8 V. This voltage criterion corresponds to an electric
field criterion of E = 1µV/cm over a bridge of 800µm length.
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4.1 Polymer metal precursor solution
The polymer metal precursor technique has been developed by Chien et al. [67]
to obtain free-standing fibers or thin films without a substrate (Y1Ba2Cu3Ox and
Y2BaCuO5). This technique has been extended to the preparation of c-axis oriented
HTSC films on single crystal substrate by Lampe et al. [11]. The objective of their
work was to investigate the processing conditions for rapid production and control of
the microstructure of the 123-compound. Therefore the polymer (see details in Ch.
4.1.1) is dissolved in a suitable solvent and the soluble metal compounds are added
in desired stoichiometric ratios to form the homogeneous molecular complexes. Re-
moving the solvent leads to a clear transparent film containing randomly coiled
macromolecular chains with statistically attached metal ions. Fig. 4.1 (a) shows a
schematic representation of two chains having complexed A and B in 1:2 ratio, where
A and B are metal compounds. The homogeneous distribution of the metal ions re-
Figure 4.1: Schematic representation of the polymer metal synthesis showing homoge-
neous reactions in polymer medium [67].
sults in a much shorter reaction time for the preparation of the films compared with
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the films using oxo - alkoxides or trifluoroacetates [10] . This polymer metal pre-
cursor is heated under an inert atmosphere (first stage reaction) during which the
metal compounds react with nearest neighbors to form the intermetallic compound
Fig. 4.1 (b). In this stage, the thermolysis of the polymer takes place. It was found
to be advantageous to have the intermetallic reaction occurring prior to substantial
thermolysis of the polymer because the macromolecular chain can provide sites for
activating a jumping of the metal ions and even act as a template for nucleation
and crystallization. In the second stage reaction (calcination), the polymer metal
precursor is transformed to a final product with the metal ion composition precisely
the same as that in the precursor. All residual organic materials are oxidized and
burn off. Chien et al. [67] proposed a possible mechanism of the synthesis presented
in Fig. 4.2 and Fig. 4.3. It is anticipated that the polymer precursor complex pre-
cursor synthesis is kinetically controlled and reactions can occur between nearest
neighboring metal nitrates, without the interference of metal oxides as shown in
Fig. 4.2. If the elementary unit enclosed in the parenthesis is noted as A1, then it
Figure 4.2: Possible reaction by the polymer metal precursor technique [67].
further reacts with neighboring metal nitrates Fig. 4.3.
Figure 4.3: Possible reaction by the polymer metal precursor technique [67].
At low temperature and/or low metal:polymer ratio, metal ions may migrate along
the complexing functional groups of a polymer chain toward the nuclei to provide
their growth. Consequently, the macromolecular chain may serve as a ’template’
and the product formed is a natural percolation network.
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4.1.1 Preparation and properties of the YBCO polymer
precursor solution
Stoichiometric (1:2:3) amounts of Y-, Ba- and Cu-nitrates were chosen as start-
ing substances for the preparation of the precursor solution. The polymer (PAA
or PMAA) and the nitrates were mixed and the quantity has been dissolved in
DMF/water. The concentration of the PAA solution (polymer and nitrates) is 25
wt.%. The amount of solvent is 13.83 ml DMF and 1 ml H2O. A small additional
amount of solvent and water was found to strongly increase the solubility of the
starting substances in the PAA. This procedure leads to a clear, green, viscous
solution.
• Starting substances:
Y ttrium nitrate : Y (NO3)3 × 6H2O
Barium nitrate : Ba(NO3)2
Copper nitrate : Cu(NO3)2 × 3H2O
• Polymers:
(poly)acrylic acid (PAA) or
(poly)methacrylic acid (PMAA)
• Solvents:
dimethylformamide (DMF ) and
water (H2O)
The choice of the metal compounds was found to be crucial for this technique.
Acetates, stearates, bromides, iodides were investigated and found to be unsuit-
able for different reasons, for example, acetates have poor solubility characteristics
and the stearates do hardly form complexes with the polymer. The best results
were obtained with metal nitrates [67]. An important issue is that the metal ions
are homogeneously and uniformly distributed to the polymer. Polyacrylic acid and
polymethacrylic acid were synthesized in house following a modified recipe by Chien
et al. [8]. The molecular weight is determined as Mw = 71.5 Kg/mol for the PAA
and Mw = 61 Kg/mol for the PMAA. The molecular structures for the polymers
(PAA, PMAA) and the solvent (DMF) are shown in Fig. 4.4. The choice of the
polymer depends on two conditions:
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Figure 4.4: (a)- Polyacrylic acid; (b)- Polymethacrylic acid and (c)-Dimethylformamide.
• the polymer has to have comparable complexation affinities for all the metal
compounds involved
and
• the polymer has to have a low enthalpy of polymerization
The PAA and PMAA polymer fulfill these two conditions enumerated above. Since
the PAA polymer has its acid number higher than the PMAA polymer [9], it was
chosen for the preparation of the precursor solution having the advantage of using
lower polymer:salt ratios. A lower polymer:salt ratio leads to a lower solution vis-
cosity and subsequently to a smaller thickness loss during annealing [10]. The metal
content [m%] of the starting substances as well as of the precursor solutions were
identified using the Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES) method ( Table. 4.1 ).
Table 4.1: The metal content of the starting substances
Substance Theor. metal content [m%] Exp. metal content [m%]
Y (NO3)3 × 6H2O 23.21 23.54 ± 0.37
Ba(NO3)2 52.54 52.04 ± 0.17
Cu(NO3)2 × 3H2O 26.30 27.28 ± 0.42
Yttrium nitrate contains six molecules of crystal water, copper nitrate contains
three molecules of crystal water and barium nitrate does not contain any crystal
water. In the case of copper nitrate the experimental value shows that it contains
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less than three molecules of crystal water. For the stoichiometry of the solution
the calculations are made taking into account the experimentally determined metal
content. With the procedure described above two synthesis routes for the precursor
solutions were investigated. In Fig. 4.5 the preparation of the polymer metal precur-
sor for two different routes is sketched. For the first route (solution no.1) a starting
solution was used, where the weight ratio between the nitrates and the polymer was
1:2. In the second route (solution no.2) an optimized solution has been used, where
the weight ratio was 1:1.
Figure 4.5: a) Sketch of the preparation of the precursor solutions via a) route 1 and b)
route 2.
The stability of the solution is closely correlated to the viscosity. If the viscosity
of the solution is too high (in this case a gel is formed), the solution can not be
properly applied onto the substrate with an appropriate film thickness, and an effect
on the quality of the product (inhomogeneity, incomplete phase formation) has been
observed. The aging of the gel is described by Brinker and Scherer [51]. Several types
of phase transformations can occur. The solid phase separates from the liquid on a
local scale as well as segregation of the liquid into two or more phases occurs. The
stability of the solution is also influenced by the precipitation of the metals (the
solution became opaque), and the precursor is not appropriate for growing YBCO
films anymore since the precipitation gives a lack of homogeneity in the chemical
composition. The solutions no. 1 and 2 are presented here to show the importance
of the viscosity on the stability of the precursor solutions and later, the influence
on the morphology and the superconducting properties of the YBCO films.
The viscosity η as a function of time t is shown in Fig. 4.6 for both solutions.
The first observation is that both solutions have a very different viscosity value
right after preparation. The optimized precursor solution (solution no.2) shows a
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Figure 4.6: Viscosity/time diagram for the precursor solutions.
viscosity value of about 200 mPa s whereas the starting precursor solution (solution
no.1) has a viscosity which is 4 times larger (about 800 mPa s) than that. Another
important point is the stability of the solutions. As it can be seen from Fig. 4.6
the viscosity of the solution no.2 is almost time independent which indicates a high
stability of the solution and guaranties stable preparation conditions over a long
period of time. In contrast, solution no.1 shows a increase of the viscosity with
increasing time leading to the assumption that polymerization takes place and the
solution slowly turns into a gel. The precursor solution viscosity has an influence
on the thickness of films and the values of the transition temperature width ∆Tc.
In Table. 4.2 and Table. 4.3 the thickness and the ∆Tc values with respect to the
viscosity for both solution are presented.
Table 4.2: Thickness and superconducting transition temperature values ∆Tc depending
on the viscosity for solution no.1
Viscosity values (mPa s) Thickness (nm) ∆Tc (K)
796.3 250 1.1
878.2 310 2.7
968.0 400 -
It can be seen that for the solution no.1 with the increase of the viscosity the
thickness and ∆Tc of the films are also increasing. Moreover, for very high viscosity
values, for example at η = 968 mPa s, the films are not anymore superconducting.
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In compare with this, for the solution no. 2 with a constant viscosity these values
remain more or less constant.
Table 4.3: Thickness and superconducting transition temperature ∆Tc values depending
on the viscosity for solution no.2
Viscosity values (mPa s) Thickness (nm) ∆Tc (K)
177.3 100 1.1
179.6 115 1.3
201.6 163 1.4
In conclusion, through viscosity measurement the stability of the precursor solutions
can be well controlled. Another possibility of decreasing the high viscosity of the
starting solution is to add a higher amount of the solvent (DMF) (Fig. 4.7). In
the left of the figure is presented the viscosity as a function of the solvent and in
the right the viscosity as a function of the concentration. As a consequence, the
concentration of the solution is decreased, but in time (after some weeks) the same
effect of inhomogeneity and of an incomplete phase formation has been observed.
An effect on the quality of the YBCO films induced by the concentration of the
precursor solution was also observed by Chien et al. [67].
Figure 4.7: Influence of the solvent on the viscosity of the precursor solution.
4.1.2 Analysis of the YBa2Cu3O7−x thin film
For the analysis of the YBCO thin films X-ray diffraction (Texture) and Scanning
Electron Microscopy (SEM) were used. For the superconducting properties inductive
Tc and Jc measurements as well as resistive Tc and Jc measurements were utilized.
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The film preparation is described in subsection 3.1.1. The films prepared with the
solution no. 1 (starting viscosity of 769.3 mPa s), and spin coated with a rotational
speed of 6000 rpm, have a final thickness of 230 nm. The films prepared with the
solution no. 2 (starting viscosity of 177.3 mPa s), and spin coated with a rotational
speed of 3000 rpm, have the final thickness of 100 nm. Fig. 4.8 shows typical Θ− 2Θ
X-ray diffraction patterns for YBCO thin films, prepared with both solutions and
grown on a STO substrate. The 2Θ angle of each diffraction peak of the XRD
pattern is characteristic of the interplanar distance d in the material, and can be
used to determine the layer and the orientation.
Figure 4.8: Θ − 2Θ scans of (00l) YBCO films on STO substrates prepared with a)
solution no. 1 and b) solution no. 2.
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The STO substrate and the YBCO show diffraction peaks corresponding to (00l)
planes. This demonstrates the predominant c-axis orientation of the YBCO. There
are differences between the two solutions in the formation of the YBCO phase. For
the films prepared with solution no. 1, the presence of an untextured YBCO peak
at 2θ = 38.35 ◦, the a-axis YBCO phase at 2θ = 58.19 ◦ and some low-intensity
peaks which could not be identified can be also observed. The appearance of a-axis
YBCO phase can be due to the higher thickness of the film. In this case the starting
viscosity value of the precursor solution is high. The untextured YBCO peak is
present also in the films prepared with solution no. 2, but with a lower intensity.
XRD ω and φ scans indicate a good out-of-plane and in-plane orientation.
Figure 4.9: φ-scans of the (102) YBCO reflection and ω-scans of the (005) YBCO re-
flection for the films prepared with solution no. 1 and solution no. 2.
The full width at half maximum (FWHM) values of ω and φ scans for the (005) and
(102) reflections of YBCO were 0.49 ◦ and 1.32 ◦ respectively, for the YBCO films
prepared with solution no.1 and 0.49 ◦ and 1.08 ◦ for the YBCO films prepared with
solution no.2. (Fig. 4.9). The FWHM values of ω scan provide information about the
quality of the in-plane texture of the films. Rocking curves were measured to detect
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the degree of c-axis misorientation and to quantify the out-of-plane orientation. The
values obtained confirm the low degree of mosaicity and the good degree of epitaxial
growth of YBCO on STO.
The microstructural analysis using scanning electron microscopy (SEM) was used to
analyze the surface morphology of the deposited YBCO films. Fig. 4.10 shows that
for both solutions the YBCO films obtained by the polymer precursor technique
exhibit "typical" surfaces with characteristic holes and outgrowths (CuO particles)
of the film [68].
Figure 4.10: Series of SEM images for different magnifications of two YBCO films grown
onto STO substrates for a) solution no. 1 and b) solution no.2.
From the SEM images it can be noticed that for the film growth with solution no.2
the surface looks smoother and shows a higher homogeneity than for solution no.1.
For the films grown with solution no.1, in some cases, the presence of a-axis oriented
YBCO can be observed, shown also in X-ray pattern (Fig. 4.8).
The superconducting transition temperature of the prepared YBCO films was typ-
ically measured by an inductive method, for the determination of the critical tem-
perature Tc of the samples. The principle of the inductive method is described in
section 3.5. Fig. 4.11 shows the result of an inductive Tc measurement for the YBCO
thin films prepared via solution no.1 and solution no.2. The temperature dependence
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of the voltage induced in the secondary coil and its phase with respect to the pri-
mary voltage are presented. Tc can be determined at 10 %, 50 % and 90 % of the
superconducting transition. Here, T90c will be used together with ∆Tc= T90c - T10c
as the representative values for the superconducting transition. The obtained value
of ∆Tc= 1.1 K for both YBCO films indicates a sharp phase transition that is a
measure of the quality of the YBCO films. For films grown using solution no. 2 the
values of the transition temperatures (Tc10= 87.6 K, Tc50= 88.2 K, Tc90= 88.7 K)
are slightly lower compared to films grown with solution no.1 (Tc10= 88.8 K, Tc50=
89.3 K, Tc90= 89.9 K).
Figure 4.11: Inductive Tc measurement for the YBCO films grown with a) solution no.
1 and b) solution no. 2.
The critical current density Jc was inductively measured (for a description see
section 3.5). The average values over the whole film surface were found to be
Jc= 0.9 MA/cm2 and a Jcmax= 1.1 MA/cm2 for the films prepared with solu-
tion no.1. For solution no.2 the average values were Jc= 3.3 MA/cm2 and Jcmax=
3.5 MA/cm2. Since the viscosity value of the solution no.2 is lower than for the
solution no.1 the thickness of the YBCO films prepared with this solution will be
lower. A good possibility to increase the thickness of the films, is to repeat the
coating, since the dry precursor is insoluble in DMF. In Fig. 4.12 an example of an
inductive Jc measurement for a double-coated YBCO film is shown. The films has
a thickness of 150 nm, and a Jcmax value of 1.9 MA/cm2. For the first coating a
rotational speed of 3000 rpm was used and for the second coating a rotational speed
of 4000 rpm. Between the coatings the precursor film was dried at 170 ◦C. These
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results show that double coating is a efficient way to obtain good quality YBCO
films with a higher film thickness.
Figure 4.12: Inductive Jc measurement map of a 10 mm × 10 mm YBCO double-coated
film prepared with solution no. 2.
4.1.3 Reproducibility issue for YBa2Cu3O7−x thin films prepared
with polymer metal precursor solutions
The precursor solution stability is significant to achieve superconducting films with
good quality, from the point of view of the formation of the YBCO phase, the surface
morphology and the electrical properties. By using solution no.1 it was possible to
obtain YBCO thin films, but the reproducibility using solution is quite low. For this
reason it was necessary to optimize the starting precursor solution. By reduction
of the weight ratio between the polymer and the metal nitrates lead to a stable
solution. However, to control the viscosity and subsequently the stability of the
solution is sometimes not enough.
Using the same procedure for film preparation, non-superconducting samples were
sometimes obtained. To analyze this further two samples of about the same thick-
ness (around 150 nm) have been prepared. In Fig. 4.13 the Θ− 2Θ X-Ray diffraction
pattern is presented for two samples: a non-superconducting film (black color) and
a superconducting film (red color). In the case of the non-superconducting sam-
ple (inductive measured), the formation of YBCO takes place, but the intensity of
the YBCO peaks is lower than for the superconducting samples. This shows that
the YBCO phase did not form completely. For the non-superconducting film the
(008) reflection of the YBCO is almost missing. Additionally, the appearance of
a-axis YBCO, and of other unidentified phases can contribute to the lack of super-
conductivity in these samples. Since these films can be understood as a network
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Figure 4.13: Θ− 2Θ scans of two different (00l) YBCO films on STO substrates.
of superconducting (pure YBCO) and non-superconducting grains (a-axis YBCO,
unidentified phases) it is most likely that there is no complete superconducting path
between the electrical contacts. Nevertheless parts of these films are probably su-
perconducting. Therefore the surface morphology, the grain size and the thickness
of the film in combination might determine the sample properties. Fig. 4.14 shows
the SEM image of a non-superconducting YBCO film prepared with solution no.2
having a viscosity η of 177.3 mPa s. The SEM images validate the presence of a-axis
orientated YBCO, observed also in the Θ− 2Θ X-ray diffraction pattern. Further-
more, the SEM image reveals a porous surface with holes and CuO segregations.
It is believed that the use of non-fluorine precursors might result in the formation
of stable BaCO3 at the grain boundaries [14]. BaCO3 only degrades at tempera-
tures higher than the crystallization temperature of YBCO. Since the presence of
BaCO3 could be a reason for the lack of superconductivity Chien et al. [67] and
later Lampe et al. [69] show how to prevent this issue in polymer metal precursor
technique. Chien et al. explain that in the first stage reaction the polymer metal
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Figure 4.14: SEM image of a non-superconducting YBCO film onto STO substrate pre-
pared with solution no.1.
precursor must be heated under inert atmosphere. In the second stage reaction, un-
der oxygen atmosphere, the precursor is transformed into a single product (YBCO).
By using in the first step of the heat treatment an inert atmosphere the formation
of BaCO3 is prevented. Following this idea, Lampe et.al proved for the PMAA poly-
mer and Dubinsky et. al [70] for the PAA polymer, through thermal analysis/mass
spectroscopy and FTIR investigations, the necessity of using an inert atmosphere for
the first stage reaction. These investigations showed that the decomposition of the
polymer is different in air and in an inert atmosphere, suggesting that the annealing
process of the YBCO films must be accomplished first in an inert atmosphere and
then in oxygen. Samples were prepared via solution no.2 and following this line,
using an inert atmosphere for the first stage reaction, it was discovered that the for-
mation of the YBCO phase does not take place. Fig. 4.15 presents the Θ− 2Θ X-ray
diffraction pattern, where the STO substrate reflection peaks can be noticed but
there is no evidence for the formation of YBCO phase. Providing 200 ppm oxygen
(O2) to the first step of the heat treatment, made the formation of the YBCO phase
possible and superconducting samples could be obtained. This amount of oxygen
added to the first stage reaction seems not to produce the appearance of the BaCO3.
By comparing several physical properties O. F. Göbel [71], tried to determine the
reason for the observed non-superconducting behavior of the films. The studies were
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Figure 4.15: Θ− 2Θ scan of a film which was treated with inert gas in the first reaction
step. The film was deposited on a STO substrate.
carried out on two non-superconducting samples and two superconducting samples
manufactured in a very similar way by the procedure explained in detail by Lampe
et al. [9]. In conclusion it was shown that the oxygen content x from the YBa2Cu3Ox
phase is sufficiently high for all investigated samples. The c-axis oriented YBCO is
the main phase in the samples, a small amount of a-axis oriented YBCO is present in
the non-superconducting ones, but all samples contain non-oriented YBCO and/or
other phases. From the SEM images of the non-superconducting samples it is pos-
sible to see a higher porosity than for the superconducting ones. Furthermore, in
case of the superconducting samples the additional phase is located at the surface of
the film, while for the non-superconducting films the larger amount of contaminant
phases is incorporated in the film. All these results lead to the assumption that a
higher amount of contaminant incorporated in the film together with the higher
porosity causes a higher degree of disorder in such granular medium. For the non-
superconducting films this means that the size of the superconducting clusters is
reduced below the distance between the two electrical contacts and therefore there
no complete superconducting path is realized [72].
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4.2 Trifluoroacetates (TFA) precursor solution
4.2.1 Preparation and properties of the TFA precursor solution
Using a trifluoroacetate precursor solution as basis for the CSD procedure to man-
ufacture YBCO films is a very promising attempt for fabricating long YBCO tapes
for high-power applications at low cost. Based on the co-evaporation process [12]
of Y, Cu and BaF2, Gupta et al. [13] reported for the first time the use of a TFA-
MOD precursor solution for the preparation of YBCO films. For the synthesis of
the precursor solution stoichiometric (1 : 2 : 3) amounts of Y-, Ba- and Cu-acetates
(Y(OOCCH3)3, Ba(OOCCH3)2, Cu(OOCCH3)2) respectively, were chosen as start-
ing substances. The preparation of the standard TFA precursor solution is described
by Araki et al. [73] (see also [13], [74]) and represented in Fig. 4.16.
Figure 4.16: Preparation of the TFA precursor solution adapted from [49, 73].
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The acetates were dissolved in de-ionized water and transformed into trifluoroac-
etates by adding trifluoroacetic acid. The resulting solution is dissolved in methanol
to form the final coating solution. By adding twice methanol and subsequent evap-
oration, water and the resulting acetic acid (CH3COOH) is removed and in this
manner a cleaning effect of the solution is reached. The final precursor solution
has a viscosity η = 6.5 mPas and a concentration of c(Y3+) = 0.25 mol/l. A de-
scription of the typical characteristics of YBCO thin films on single crystal sub-
strate produced with this method is given by Falter et al. [66, 75]. The decisive
advantage of this method is to prevent the formation of BaCO3 (BaF2 forms eas-
ier and faster than BaCO3 ), which forms as a very stable intermediate compound
during the decomposition of the precursors using metal carboxylates as starting
substances [14, 15]. In Fig. 4.17 the processing steps of this method are schemati-
cally shown. After the deposition of the TFA precursor film, the obtained film is
Figure 4.17: Schematic illustration of (TFA-MOD)process from precursor film to the
YBCO phase formation adapted from [76].
pyrolyzed for several hours (up to T ∼ 400 ◦C) for the decomposition of the tri-
fluoroacetates. The metal trifluoroacetates decompose at 200 ◦C- 250 ◦C. Between
250 ◦C and 400 ◦C the burning of carbon takes place. For the pyrolysis step an O2
atmosphere is used. The humidified atmosphere is essential for the decomposition
of the oxyfluorides through the formation of hydrofloric acid (HF). To prevent the
sublimation of Cu-trifluoroacetat through hydrolysis (Cu(CF3COO)OH) [77] it is
necessary to start with a humid atmosphere already at app. 100 ◦C. The pyrolyzed
film consists of CuO nanocrystallites and an amorphous matrix of Y-Ba-O-F, as
Araki and Hirabayashi [78] proved through TEM investigations. The heat treatment
at higher temperatures (maximum temperature: 725 ◦C -850 ◦C) in an atmosphere
of 30% humidified argon gas mixed with 50 ppm-4000 ppm oxygen gas [74] leads
to the formation of tetragonal YBa2Cu3O6. During the subsequent cooling step in
a dry O2 atmosphere, holding times t longer than 1 h), and process temperatures
between 450 ◦C and 525 ◦C, the formation of the orthorhombic (superconducting)
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YBa2Cu3O7−x takes place. The chemical reaction for the formation of YBa2Cu3O6
is described by Araki and Hirabayashi [76]:
1/2 Y2O3 + 2 BaF2 + 3 CuO + 2 H2O → YBa2Cu3O6 + 4 HF + 1/4 O2↑
The oxygen gas has a small influence and can be neglected as is described in the
reaction above. By experimental results and in the discussion Solovyov et al. [79]
show that the growth limiting process is the HF removal from the film surface.
The saturated HF gas will delay the YBCO growth. Starting from the standard
TFA solution (see Fig. 4.16) Engel et al. [36] developed a solution with propionic
acid (CH3CH2COOH) and acetone (CH3COCH3) since the toxicity of methanol
complicates the thin film preparation. For the synthesis of the precursor solution
stoichiometric (1 : 2 : 3) amounts of Y-, Ba- and Cu-acetates (Y(OOCCH3)3,
Ba(OOCCH3)2, Cu(OOCCH3)2 ), respectively, were dissolved in propionic and tri-
fluoroacetic acid at 120 ◦C. After the formation of a dark blue, highly viscous state
due to the evaporation of the solvent at 140 ◦C, acetone and propionic acid were
added, and the final solution was adjusted to a concentration of c= 0.25 M. The
viscosity of this solution is η = 4.9 mPas and remains stable over several weeks
(Fig. 4.18).
Figure 4.18: Viscosity/time diagram for the TFA precursor solution prepared with pro-
pionic acid and acetone.
The metal content [m%] of the starting acetates was identified using the ICP-OES
method (Table. 4.4). The films are deposited onto the substrate by spin coating.
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The heat treatment schedule is mentioned in subsection 3.1.2. The thickness of
the YBCO thin films prepared with the TFA-modified precursor solution (η =
4.92 mPas, c = 0.25 M ) is 200 nm for a rotational speed of 4500 rpm and a time of
30 s.
Table 4.4: Metal content of the starting substances
Substance Theor. metal content [m%] Exp. metal content [m%]
Y (OOCH3)3 26.30 26.10 ±0.29
Ba(OOCH3)2 53.77 53.34 ±0.18
Cu(OOCH3)2 31.83 34.66 ± 0.28
4.2.2 Analysis of the YBa2Cu3O7−x thin film
Fig. 4.19 exemplifies the Θ − 2Θ X-ray diffraction pattern of a YBCO thin film
prepared by using the TFA-MOD process. The X-ray pattern shows strong and
sharp (00l) YBCO peaks indicating a well c-axis texture of the single crystallites.
Additionally, the STO substrate reflection are also observed.
Figure 4.19: Θ− 2Θ scan of (00l) YBCO film onto STO substrate.
The microstructural analysis using scanning electron microscopy (SEM) shows that
YBCO films obtained by the TFA precursor technique exhibit surfaces with char-
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acteristic holes and outgrowths (CuO particles). Also the presence of some amount
of a-axis grains can be observed (Fig. 4.20).
Figure 4.20: SEM image of an YBCO film on STO substrate.
Figure 4.21: Inductive Tc measurement of YBCO thin film prepared with TFA method.
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In Fig. 4.21 a typical inductive Tc measurement of such a film is presented. The
measured sample shows a Tc of 89.3 K along with a narrow transition width ∆Tc of
0.8 K. The the critical current density Jc was inductively measured and found to be
3.0 MA/cm2. Together with the structural investigations these measurements show
the good quality of films prepared with the TFA-MOD method.
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5 Rare earth substitution in
(RE)Ba2Cu3O7 films
It is well known that the complete substitution of Y in YBaCuO by another rare
earth element leads to a homologous series of superconducting 123-compounds
(noted usually as RE-123, besides Pr) with Tc around 90 K (see section 1.2). In RE-
123 bulk material the transition temperature increases with increasing ionic radius
of the rare earth element as shown in Fig. 5.1 [80].
Figure 5.1: Tc versus rare earth ionic radius determinated from magnetization data (∆),
and fluctuation conductivity analysis (o) [80].
The rare earth elements are: Yb, Er, Dy, Y, Gd, Eu and Nd. The • from the
figure represents the Tc for La-123 reported by Lindemer et al. [81]. In the high
Tc superconductor YBCO the partial substitution of Y by a rare earth element of
different ionic radius leads to the formation of a stress field which could cause local
flux pinning at the unit cell level, leading to the possibility of enhancing the in-field
Jc [28, 34] (for details see section 1.2).
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5.1 Rare earth/Yttrium substitution in the polymer
based (RE)BCO films
5.1.1 Complete substitution of Y
A summary of results for films reported to have enhanced Jc in a magnetic field
relative to standard YBCO is shown in section 1.2. Translating this to the chemical
solution deposition procedure the RE elements: Dy (Dysprosium), Ho (Holmium)
and Sm (Samarium) were chosen for a complete substitution of Y in Y-123. The
ionic radii of the rare elements are given in section 1.2. The preparation of the rare
earth precursor solutions is the same as for the Y precursor solution described in
section 4.1.1. Stoichiometric (1:2:3) amounts of Dy- (Ho-,Sm-), Ba- and Cu-nitrates
respectively, were chosen as starting substances for the preparation of the precur-
sor solution.The polymer PAA and the nitrates were mixed and the quantity has
been dissolved in DMF/water. The concentration of the PAA-rare earth precursor
solution solution (polymer and nitrates) is 21.6 wt.%.
• Starting substances:
Dysprosium nitrate : Dy(NO3)3 × 5H2O or
Holmium nitrate : Ho(NO3)3 × 5H2O or
Samarium nitrate : Sm(NO3)3 × 6H2O
Barium nitrate : Ba(NO3)2
Copper nitrate : Cu(NO3)2 × 6H2O
• Polymers:
(poly)acrylic acid (PAA)
• Solvents:
dimethylformamide (DMF ) and
water (H2O)
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As already established in section 4.1.1 for a metal nitrates/polymer weight ratio
of 1:1, the viscosity of the solution has a lower value from the beginning and is
more stable over time. Because of this reason for the preparation of the rare earth
precursor solutions the same weight ratio was used. In Fig. 5.2 the preparation of
the precursor solutions is schematically shown.
Figure 5.2: Preparation of the rare earth precursor solution.
The metal content [m%] of the starting substances were identified by ICP-OES.
The experimental metal content values compared with the theoretical metal content
values of the rare earth nitrates are summarized in Table. 5.1 .
Table 5.1: Metal content of the starting substances for the preparation of the precursor
solution for the REBCO films
Substance Theor. metal content [m%] Exp. metal content [m%]
Dy(NO3)3 × 5H2O 37.05 35.56 ± 0.56
Ho(NO3)3 × 5H2O 37.40 36.92 ± 0.42
Sm(NO3)3 × 6H2O 33.84 34.71 ± 0.30
Ba(NO3)2 52.54 52.04 ± 0.17
Cu(NO3)2 × 6H2O 21.49 25.59 ± 0.18
The viscosity values of the Dy, Ho and Sm precursor solution after the preparation
are given in Table. 5.2. In Fig. 5.3 the behavior of the viscosity as a function of
time for the Dy, Ho and Sm precursor solutions is shown. The precursor solution
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Table 5.2: Viscosity values for the Dy, Ho and Sm precursor solutions, shortly after
preparation.
Precursor solution Viscosity value (mPa s)
DyBCO 189
HoBCO 192
SmBCO 198
viscosities are increasing with time for all three rare earth elements. In the same
diagram the viscosity for the Y precursor solution is shown for comparison. It can
be clearly seen that the behavior of the Dy, Ho and Sm precursor solutions is similar
to that of the Y-precursor solution.
Figure 5.3: Viscosity/time diagram for the Y, Dy, Ho and Sm precursor solutions.
For all Dy, Ho and Sm films the rotational speed was 3000 rpm for 30 s during spin
coating. The thickness in these cases is: for DyBCO films ∼150 nm, for HoBCO
films ∼160 nm and for SmBCO ∼180 nm (for the YBCO films ≈ 100 nm). The heat
treatment schedule for the YBCO thin films prepared with the polymer precursor
solution was optimized concerning the maximum temperature (peak temperature)
and the oxygen partial pressure (section 3.1.2). Because of the different ionic radii
of the rare elements the maximum temperature for the DyBCO, HoBCO and Sm-
BCO phase formation has to be different from the one for YBCO [24, 41, 82]. The
heat treatment for the DyBCO, HoBCO and SmBCO films has been performed
with maximum temperatures between 775 ◦C and 800 ◦C to find the optimum tem-
perature for the formation of the desired REBCO phase. The starting point was
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the optimum temperature of YBCO phase (775 ◦C) and since SMBCO needs higher
temperatures for the phase formation due to its larger ionic radius, the temperature
range was extended to 800 ◦C. In Table. 5.3 the characteristics of the supercon-
ducting transition temperature Tc and the critical current density Jc (inductively
measured) of the REBCO films are given for different maximum annealing temper-
atures. It can be seen that the values of the transition width ∆Tc are increasing
with increasing peak temperature and the values of the critical current density Jc
are decreasing with increasing peak temperature. For the DyBCO and HoBCO the
optimum temperature seems to be 775 ◦C, as for YBCO. For SmBCO the phase
does not form up to 790 ◦C.
Table 5.3: Superconducting properties of DyBCO, HoBCO and SmBCO films at 775 ◦C,
780 ◦C, 785 ◦C and 790 ◦C maximum temperatures
775°C
Film Tc10 (K) Tc50 (K) Tc90 (K) ∆Tc (K) Jc (MA/cm2)
DyBCO 83.3 84.9 86.8 3.5 0.99
HoBCO 84.9 85.9 86.9 2.0 1.58
SmBCO - - - - -
780°C
Film Tc10 (K) Tc50 (K) Tc90 (K) ∆Tc (K) Jc (MA/cm2)
DyBCO - - - - -
HoBCO 85.9 87.0 88.3 2.4 1.28
SmBCO - - - - -
785°C
Film Tc10 (K) Tc50 (K) Tc90 (K) ∆Tc (K) Jc (MA/cm2)
DyBCO 81.45 83.3 85.8 4.35 -
HoBCO 84.5 85.8 87.3 2.8 -
SmBCO - - - - -
790°C
Film Tc10 (K) Tc50 (K) Tc90 (K) ∆Tc (K) Jc (MA/cm2)
DyBCO - - - - -
HoBCO 81.5 82.7 87.3 5.8 -
SmBCO - - - - -
At annealing temperatures above 785 ◦C the values of the superconducting transi-
tion temperature for the HoBCO films drastically decrease until 800 ◦C, when the
phase does not form. For the DyBCO films temperatures higher than 785 ◦C do
not result any longer in the formation of the phase (Table. 5.3). For the SmBCO
no phase formation was possible up to this temperature (810 ◦C, 820 ◦C and 850 ◦C
were also tested with no result for phase formation). In Fig. 5.4, the Θ − 2Θ X-
ray diffraction patterns for the DyBCO (a) and HoBCO (b) films prepared with
the polymer precursor solution at 775 ◦C are presented. DyBCO and HoBCO show
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diffraction peaks corresponding to the (00l) planes. It can be concluded that the
phase formation takes place but the intensity of the (00l) DyBCO and HoBCO peaks
is quite low. It can be also noticed that the (004) reflection for both DyBCO and
HoBCO is not present. Untextured peaks at 2θ = 38.31 ◦ for the DyBCO film and
at 2θ = 38.28 ◦ for the HoBCO film can also be observed. Moreover a low-intensity
peak at 2θ = 68.8 ◦ for both films could not be identified.
Figure 5.4: Θ− 2Θ scan of (00l) a) DyBCO and b) HoBCO films on STO substrates.
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Microstructural analysis has been carried out using scanning electron microscopy
(SEM). Fig. 5.5 shows SEM images of a typical DyBCO (a) and HoBCO (b) films
obtained by the polymer precursor technique. Both films exhibit rough surfaces
with the characteristic holes and the presence of CuO particles. If the SEM images
of both films are compared in more detail, it turns out that the density of these
particles (see Fig. 5.5) is much higher for the HoBCO films than that of the DyBCO
films.
Figure 5.5: SEM image for a) DyBCO and b) HoBCO films.
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5.1.2 Partial substitution of Y
As already mentioned in section 1.2 the partial substitution of Y with rare earth
elements of different ionic radii leads to the formation of a stress field which cause
local flux pinning at the unit cell level. In order to explore if such stress fields
lead to effective pinning in YBCO thin films and therefore to a higher Jc, a series
of (Y,Ho)BCO, (Y,Dy)BCO and (Y,Sm)BCO thin films were prepared. Using the
polymer metal precursor technique the partial substitution at the Y site was only
possible for the (Y,Ho)BCO system. The precursor solution was prepared as it was
described in section 5.1.1. The viscosity of the Y(Ho)BCO precursor solution is η =
186.7 mPa s and the resulting thickness of the film is 140 nm. The peak temperature
for the (Y,Ho)BCO film formation was set to 775 ◦C. Superconducting films were
obtained in the case of substituting 1/3 of Y with Ho (Y2/3Ho1/3Ba2Cu3O7). The
inductively measured transition temperature Tc is presented in Fig. 5.6 with a value
of the transition width ∆Tc of 1.35 K. The value of the inductively measured critical
current density, Jc was found to be 1.8 MA/cm2.
Figure 5.6: Inductive Tc measurement of Y(Ho)BCO film.
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5.2 Rare earth/Yttrium substitution in TFA based
REBCO films
5.2.1 Complete substitution of Y
For the synthesis of the precursor solution stoichiometric (1:2:3) amounts of Dy-
(Ho-, Sm-), Ba- and Cu-acetates respectively, were dissolved in propionic acid and
trifluoroacetic acid at 120 ◦C. After the formation of a dark blue, highly viscous
state due to the evaporation of the solvent at 140 ◦C, acetone and propionic acid
were added, and the final solution was adjusted to a concentration of c = 0.25 M.
The metal content [m%] of the starting substances was checked using ICP-OES (see
Table. 5.4).
Table 5.4: Metal content of the starting substances for the preparation of the precursor
solution for the REBCO-TFA films
Substance Theor. metal content [m%] Exp. metal content [m%]
Dy(OOCH3)3 × 4H2O 43.27 40.06 ± 0.33
Ho(OOCH3)3 × 6H2O 38.72 39.56 ± 0.17
Sm(OOCH3)3 × 3H2O 42.79 42.29 ± 0.33
Ba(OOCH3)2 59.36 53.34 ± 0.18
Cu(OOCH3)2 40.33 34.66 ± 0.28
The viscosity values of the Dy, Ho and Sm precursor solutions are given in Table. 5.5.
For comparison the viscosity value of the YBCO precursor solution is given as well.
In Fig. 5.7 the behavior of the viscosity versus time for the DyBCO, HoBCO and
Table 5.5: Initial viscosity values for DyBCO, HoBCO and SmBCO-TFA precursor so-
lutions
Precursor solution Viscosity value (mPa s)
YBCO 4.92
DyBCO 3.85
HoBCO 7.52
SmBCO 3.74
SmBCO precursor solutions is shown. The precursor solution viscosities are almost
constant for all three rare earth elements ( after more than 40 days a slight increase
might be seen). Additionally the viscosity for the YBCO precursor solution is shown
for comparison. It can be clearly seen that the behavior of the DyBCO, HoBCO
and SmBCO precursor solutions is similar to the YBCO precursor solution. The
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viscosity of the YBCO and HoBCO precursor solution have a higher value from the
beginning compared to the viscosity of the DyBCO and SmBCO precursor solutions.
The reason for this is not clear, but the solution viscosity remains stable over weeks.
Figure 5.7: Viscosity/time diagram for the Y, Dy, Ho and Sm prepared with TFA pre-
cursor solutions.
The optimum temperature for the formation of the YBCO phase in case of the
TFA precursor solution is 780 ◦C. In a similar way as in the case of the polymer
precursor solution the heat treatment for the DyBCO, HoBCO and SmBCO films
was performed with maximum temperatures between 780 ◦C and 850 ◦C. For the
DyBCO films the most suitable optimum temperature was found to be 780 ◦C, as
for the YBCO phase. In case of the SmBCO films the optimum temperature was
850 ◦C. For these temperatures the values of the superconducting properties (Tc,
∆Tc and Jc) are presented in Table. 5.6.
Table 5.6: Superconducting properties of Dy, and Sm-TFA films at 780°C and 850°C
maximum temperatures.
780°C
Film Tc10 (K) Tc50 (K) Tc90 (K) ∆Tc (K) Jc (MA/cm2)
DyBCO 88.9 89.9 89.4 0.5 2.3
850°C
Film Tc10 (K) Tc50 (K) Tc90 (K) ∆Tc (K) Jc (MA/cm2)
SmBCO 88.4 90.0 91.6 3.2 0.6
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In case of the TFA-precursor solution for HoBCO films no phase formation was
found to take place up to 850 ◦C, although in case of the polymer approach super-
conducting films developed. For all DyBCO and SmBCO films the rotational speed
used for spin coating was 3000 rpm for 30 s. For the HoBCO films the rotational
speed was 6000 rpm for 1 min. The film thicknesses in these cases were: for DyBCO
films ∼200 nm, for HoBCO films ∼300 nm and for SmBCO ∼200 nm. The DyBCO
films have a small superconducting transition temperature width ∆Tc of 0.5 K and
a critical current density value Jc of 2.3 MA/cm2, inductively measured. For the
SmBCO films a broad transition width ∆Tc of 3.2 K and a Jc of 0.6 MA/cm2 was
found. The Θ− 2Θ X-ray diffraction pattern (Fig. 5.8) for the SmBCO-TFA thin
films shows that the SmBCO phase forms, but the intensity of the (001) peaks is
low. Unidentified peaks at 2θ = 34.46 ◦, 2θ = 49.1 ◦, 2θ = 59.4 ◦ appear. Additionally,
an untextured SmBCO peak at 2θ = 38.16 ◦ can be seen.
Figure 5.8: Θ− 2Θ scan of a (00l) SmBCO film obtained by the TFA method.
Fig. 5.9 presents the resistive Tc measurement for a SmBCO film with a transition
width ∆Tc of 0.7 K. Measuring Tc inductively or resistively leads to different values
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of ∆Tc. The reason is that in an inductive Tc measurement the entire volume of
the sample is contributing whereas in a resistive Tc measurement only the current
path with the lowest voltage drop is considered. The transition width value ∆Tc
measured inductively, is a reference for the superconducting properties and for the
inhomogeneity of SmBCO film. In the SEM image (left hand side) the presence
of a rough surface with holes can be noticed. The presence of cracks in the film
can also be observed. Narlikar [83] suggested that the required higher processing
temperature increases the risk of cracks in the films.
Figure 5.9: Resistive Tc measurement (right hand side) and SEM image (left hand side)
of a SmBCO film obtained by TFA method.
5.2.2 Partial substitution of Y
Using the TFA approach the partial substitution at the Y site, was successful for
the rare earth elements Dy and Sm. The preparation of the solution is described in
subsection 5.2.1. In Table. 5.7 the nominal compositions and the superconducting
properties for the partially substituted YBCO films are shown. For the Sm substi-
tution, Y was substituted by 10%, 20% and 30% of Sm. For the Dy substitution,
Y was substituted by 10%, 20% and 80% of Dy. It can be seen that for increasing
the Sm substitution in the YBCO films, the transition temperature width ∆Tc in-
creases. In case of YBCO films substituted with 20% Sm ∆Tc is 2.5 K and for 30%
Sm substitution the films are no longer superconducting. In case of increasing the
Dy substitution in the YBCO films up to 20%, the transition width ∆Tc increases.
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Table 5.7: Superconducting properties of (Y,Sm)BCO and (Y,Dy)BCO films
Sm partial substitution
Film ∆Tc (K) Jc (MA/cm2)
SmBa2Cu3O7 3.2 0.6
Y0.9Sm0.1Ba2Cu3O7 1.6 1.6
Y0.8Sm0.2Ba2Cu3O7 2.5 1.3
Y0.7Sm0.3Ba2Cu3O7 - -
Dy partial substitution
Film ∆Tc (K) Jc (MA/cm2)
DyBa2Cu3O7 0.5 2.3
Y0.9Dy0.1Ba2Cu3O7 2.5 1.4
Y0.8Dy0.2Ba2Cu3O7 4.2 -
Y0.2Dy0.8Ba2Cu3O7 0.6 3.4
The interesting fact in the case of the (Y,Dy)BCO films with a Dy content of 80%
is that the transition width decreases to 0.6 K and shows a high value of the critical
current density of 3.4 MA/cm2. The viscosities of the nominal compositions are pre-
sented in Table. 5.8. These viscosity values approach the value of the YBCO-TFA
solution (η of 4.92 mPa s). For all films the rotational speed for spin coating was
3000 rpm, 30 s. The thickness of the films presented in Table. 5.8 is ∼250 nm.
Table 5.8: Viscosity values for (Y,Sm)BCO and (Y,Dy)BCO - TFA precursor solutions
Precursor solution Viscosity value (mPa s)
Y0.9Sm0.1Ba2Cu3O7 4.94
Y0.8Sm0.2Ba2Cu3O7 5.13
Y0.7Sm0.3Ba2Cu3O7 5.20
Y0.9Dy0.1Ba2Cu3O7 4.96
Y0.8Dy0.2Ba2Cu3O7 5.03
Y0.2Dy0.8Ba2Cu3O7 5.28
For YBCO films substituted with Sm, the superconducting properties indicate that
a Sm increase leads to the disappearance of superconductivity in the films. Θ− 2Θ
X-ray diffraction pattern (Fig. 5.10, right hand side) shows evidence for the phase
formation. Beside the (00l) reflections of (Y,Sm)BCO with a low intensity, at 2θ
= 38.56 ◦ untextured (Y,Sm)BCO appears and a high amount of a-axis parts is
present. The SEM image (Fig. 5.10, left hand side) confirms the presence of a high
amount of a-axis oriented grains and the inhomogeneity of the films can be observed.
Good superconducting properties (sharp transition width and good inductively crit-
ical current density) have been found for films where 80% of Y have been substituted
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Figure 5.10: Θ− 2Θ scan of a (00l) Y0.8Sm0.2BCO film and SEM image.
by Dy. Fig. 5.11 shows the Θ− 2Θ X-ray diffraction pattern for a (Y,Dy)BCO film
on STO substrate. The presence of (00l) (Y,Dy)BCO reflections indicate a well
c-axis textured structure. Present as well, is a small amount of a-axis parts. The
transition width of 0.6 K suggests high homogeneity within the film. A detailed ex-
amination with high resolution scanning electron microscopy (HRSEM) revealed a
homogeneous (Y,Dy)BCO film (Fig. 5.12, right hand side) and shows the presence
of some a-axis oriented grains. On the left hand side of Fig. 5.12 a micrograph of a
cross section of the film prepared by Focussed Ion Beam (FIB) is presented.
In order to prepare and analyze a cross-section of the Y(Dy)BCO, a focused ion
beam (FIB) system working with Ga+ ions was used. With this technique it is
possible to remove very precisely the material in the areas of interest. The Ga+
ions are accelerated to energies of 30 keV to perform the cross sectioning of the
sample. Besides sample preparation, the ion beam can also be used to image the
prepared cross-section with high magnification. The advantage of this technique in
comparison to TEM is the possibility to easily select the area for analysis. The
architecture of the films is clearly seen: the STO substrate, the (Y,DyBCO) layer
with a thin Au layer on top, followed by a thick Pt layer that was deposited on the
area of analysis to protect the (Y,Dy)BCO film during cross-section preparation.
Transport measurements up to 9 T on bridges of 0.8 mm length and 50µm width,
patterned by photolithography and Ar+-ion etching, were realized. The transport
Jc measurements were carried out using a four-probe technique with a voltage cri-
terion of 1µV/cm. The magnetic field dependence of the critical current density
Jc up to 9 T for the Dy substitution series is shown in Fig. 5.13. The results are
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Figure 5.11: Θ− 2Θ scan of a (00l) (Y,Dy)BCO film on a STO substrate.
Figure 5.12: HRSEM and micrograph of a cross section of the Y(Dy)BCO (80% of Dy)
film prepared by FIB (the measurement was performed by Tom Thersleff).
presented for a pure YBCO∗ film, a pure DyBCO film and a (Y,Dy)BCO film
with 80% amount of Dy (Y0.2Dy0.8BCO). At very low fields (B < 0.5 T) the pure
∗This YBCO film was prepared with the same method by Engel [36]
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Figure 5.13: Jc(B) dependence for YBCO, DyBCO and Y(Dy)BCO films, YBCO* film
prepared with the same method by Engel [36]
YBCO film shows a Jc value of the order of 1 MA/cm2. The Jc values for both
the pure DyBCO as well as the Y0.2Dy0.8BCO film are almost roughly one order
of magnitude lower (0.1 MA/cm2). With increasing field a smooth crossover of the
Y0.2Dy0.8BCO film from the behavior of DyBCO to that of YBCO is observed. At
about 4.5 T the Y0.2Dy0.8BCO film shows the same Jc value as the pure YBCO film.
More interestingly, above 4.5 T Jc of Y0.2Dy0.8BCO decreases much slower than that
of pure YBCO. At 8 T for example, Jc of Y0.2Dy0.8BCO film is one order of mag-
nitude higher than in pure YBCO indicating that the pinning forces are strongly
enhanched. Another interesting observation is that for fields above 6.5 T the Jc of
the pure DyBCO film reaches the same value like that of pure YBCO. This means
that Jc of pure YBCO decreases even faster than that of pure DyBCO. So, already
in the pure DyBCO the pinning forces are higher than in pure YBCO. These exper-
iments show that chemical substitution of Y by other rare earth elements is a very
effective way to increase the critical current density Jc(B) at high magnetic fields
since it strongly enhances the pinning forces in these materials.
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The discovery of superconductivity in ceramic materials such as YBa2Cu3O7
(YBCO) with superconducting transition temperatures above the boiling temper-
ature of nitrogen [4, 5] has generated wide interest in studying the physics and
possible applications of these materials. Especially thin superconducting films are
needed in electronics. There are many processes for producing YBCO supercon-
ducting films: Pulsed Laser Deposition (PLD), Sputtering, Thermal Co-evaporation,
Chemical Vapor Deposition (CVD), Liquid Phase Epitaxy (LPE), Chemical Solu-
tion Deposition (CSD), etc. Here, chemical solution deposition (CSD) has been cho-
sen as a highly promising approach to fabricate YBCO films (for details see chapter
2). To demonstrate the flexibility, the easy process control and the good optimiza-
tion possibilities of the CSD method two main representatives out of many CSD
processes have been chosen for comparison: a fluorine-free method (polymer metal
precursor technique, see Chapter 4) and a fluorine-based method (trifluroacetates
(TFA) technique, see chapter 4). In this thesis it was shown that CSD approach is
suited at best to grow high quality thin YBCO films (see section 4.1.1 and 4.2.1).
The development of High-Temperature Superconductor (HTSC) power applications
like motors, transformers or cables require a high current carrying and low cost
conductor that can be used in high magnetic fields. REBa2Cu3O7 superconductors
still remain the material of choice due to their ability to operate in high magnetic
fields. Effective ways to increase the critical current density Jc at high magnetic fields
in YBCO are the introduction of nanoparticles [27–29, 36] and chemical substitution
of Yttrium by other rare earth elements [32–34]. Partial substitution of Yttrium by
other rare earth elements cause stress in the unit cell which possibly leads to local
flux pinning. This enhances the in-field Jc. Before partially substituting Y, pure
(RE)BCO films were prepared in order to investigate their behavior.
Using both the polymer metal precursor and the TFA technique, it was possible to
obtain high quality YBCO thin films. The maximum temperature necessary for the
formation of the YBCO phase in case of the polymer metal technique was found
to be 775 ◦C. For the TFA method the maximum temperature for the formation of
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YBCO phase was 780 ◦C. To find the optimum temperature for the formation of the
desired REBCO phase in polymer metal precursor technique, the heat treatment for
the DyBCO, HoBCO and SmBCO films has been performed with maximum tem-
peratures between 775 ◦C and 800 ◦C. The maximum temperature for DyBCO was
found to be 775 ◦C, for HoBCO was 785 ◦C and for SmBCO up to 800 ◦C a phase
formation was not possible. In a similar way, in the case of the TFA precursor solu-
tion the heat treatment for the DyBCO, HoBCO and SmBCO films was performed
with maximum temperatures between 780 ◦C and 850 ◦C. For the DyBCO films the
optimum temperature was found to be 780 ◦C. For HoBCO a phase formation was
not possible and for SmBCO the optimum temperature was 850 ◦C. These results
for pure (RE)BCO films are summarized in Table. 6.1.
Table 6.1: Results obtained for (RE)BCO thin films using polymer and TFA approach
Polymer films
(RE)BCO ∆Tc (K) Jc (MA/cm2)
YBCO 1.1 3.5
DyBCO 3.5 1
HoBCO 2.4 1.3
SmBCO - -
TFA films
(RE)BCO ∆Tc (K) Jc (MA/cm2)
YBCO 0.8 3.0
DyBCO 0.5 2.3
HoBCO - -
SmBCO 3.2 0.6
Sharp transition temperatures width ∆Tc of 1.1 K for the polymer metal method
and 0.8 K for TFA method show that high quality thin films can be produced using
both techniques. The critical current density Jc, inductively measured, shows good
values of 3.5 MA/cm2 for the polymer technique and 3.0 MA/cm2 for the TFA tech-
nique. The polymer metal precursor technique provides DyBCO films with a large
∆Tc of 3.5 K and a Jc value of 0.9 MA/cm2. This method gives also HoBCO films
with a ∆Tc of 2.0 K and a Jc of 3.0 MA/cm2. By using the TFA method, DyBCO
films with a small ∆Tc of 0.5 K and a Jc of 2.3 MA/cm2 can be obtained as well as
SmBCO films with ∆Tc of 3.2 K and a Jc of 0.6 MA/cm2. Most likely the reason for
the absence of SmBCO phase formation in case of the polymer metal technique is
the fact that the maximun temperature necessary for the phase formation is higher
than 800 ◦C. In case of HoBCO prepared by the TFA solution a reason for no phase
formation is probably the high viscosity value of the solution (η of 7.52 mPa s)
compared with the cases of YBCO (η of 4.92 mPa s), DyBCO (η of 3.85 mPa s) and
SmBCO (η of 3.74 mPa s). For the polymer metal precursor technique a crucial issue
is the reproducibility of the films. Even with an optimized solution, heat treatment
and deposition details the reproducibility was hard to achieved. Sometimes the sam-
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ples are non-superconducting. This might be due to the fact that these films can be
described as a network of superconducting (pure YBCO) and non-superconducting
grains (a-axis YBCO, unidentified phases) where the percolation length is smaller
than the distance between the contacts. This means that there is no complete su-
perconducting path between the electrical contacts although parts of the sample
might be still superconducting (see section 4.1.3).
The superconducting properties of films with partial substitution of Y by other rare
earth elements are summarized in Table. 6.2. In case of the polymer metal precur-
sor technique only the partial substitution of Y by Ho for exclusive composition:
Y2/3Ho1/3Ba2Cu3O7 was achieved. This film shows a ∆Tc of 1.35 K and a Jc value
of 1.8 MA/cm2.
Table 6.2: Superconducting properties of Y (RE)BCO thin films for the polymer and
the TFA approach
Polymer films
Film ∆Tc (K) Jc (MA/cm2)
Dy - substituted - -
Ho1/3Y2/3Ba2Cu3O7 1.35 1.8
Sm - substituted - -
TFA films
Film ∆Tc (K) Jc (MA/cm2)
Dy0.8Y0.2Ba2Cu3O7 0.6 3.4
Ho- substituted - -
Sm0.9Y0.1Ba2Cu3O7 1.6 1.6
Regarding the partial substitution at the Y site with the TFA method three com-
positions with Y substituted by Dy were tested: 10% Dy, 20% Dy and 80% Dy.
In the same way three compositions with Y substituted by Sm were investigated:
10% Sm, 20% Sm and 30% Sm. With increasing amount of Sm the superconducting
transition becomes broader and for 30% Sm content, superconductivity disappears.
Substituting Y by Dy highly promising films were obtained for the highest Dy con-
tent (80%) (∆ Tc of 0.6 K and Jc of 3.4 MA/cm2). Especially interesting is the
magnetic field dependence of the critical current density Jc(B) of the Y(Dy)BCO
films. It shows that for lower magnetic fields the critical current density Jc(B) is
higher for a standard YBCO film. The opposite is true at fields higher than 4.5 T
when the Jc of Y(Dy)BCO is larger than that for YBCO. Above 8 T the Jc(B) of
the Y0.2Dy0.8BCO film is more than one order of magnitude higher compared to
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6 Conclusions
standard YBCO films (see chapter 5, Fig. 5.13). For the YBCO thin films prepared
with both approaches the conditions (heat treatment, spinning parameters) are op-
timized. In case of the REBCO thin films and the Y substituted thin films, with a
further optimization better results are expected. The TFA method gives more stable
results and has no reproducibility issue compared with the polymer metal precursor
technique. In addition, the TFA method appears to be more suitable for chemical
substitution by rare earth elements. Chemical solution deposition procedure (TFA
method) can be adjusted to be used as a cost effective and highly versatile method
for introducing pinning centers into YBCO through chemical substitution by rare
earth elements.
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